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Abstract
Any construction product and building undergoing contact with water
during its life cycle can release chemical compounds potentially haz-
ardous for the human health and the environment. The release of dan-
gerous substances is presently investigated especially by experimental
approaches commonly by laboratory leaching tests while the environ-
mental impacts of construction products and buildings are evaluated
by a Life Cycle Assessment (LCA) approach. The dangerous substances
release during use stage of construction products (leaching behaviour) is
currently very poorly represented in the existing data bases andmethods
for environmental assessment of construction products and buildings.
In this context, the main objectives of this study were: (i) to develop a
methodology for the assessment of the leaching behaviour of various
construction products and (ii) to integrate the leaching data in LCA
approach at building scale.
The methodology developed for the assessment of the leaching be-
haviour of construction products is based on: (1) characterisation leach-
ing tests at lab scale, following the horizontal standardised assessment
methods for harmonised approaches relating to dangerous substances
under the Construction Products Regulation (CPR), (2) modelling and
simulation of coupled chemical and transport phenomena at lab and
field scale, and (3) utilisation of simulated leaching data for the construc-
tion products exposed in natural condition with the LCA method for
the characterization of the hazardous effect during the use stage. The
proposed methodology was applied and validated on three different
classical construction products i.e. CBA (Copper-Boron-Azole) treated
wood, fibre-cement sheets and bitumen membranes. The leaching be-
haviour of CBA treated wood and fibre-cement sheets was simulated
over several years under natural exposure conditions, using the geo-
chemical software PHREEQC R© . The chemical models consider both the
mineral and the organic matrixes and their interaction with treatment
compounds. Mass transfer and transport phenomena were modelled.
The developed coupled chemical-transport models are able to represent
the dynamic leaching behaviour of the respective products in various
leaching conditions. For bitumen membranes only experimental char-
acterisation was possible. The leaching data obtained by simulation
over the whole use stage of the products were integrated in the life cycle
inventory (LCI) and the relevant life cycle impact assessment (LCIA)
methods were applied with the enriched inventory. A simplified single-
family house was modelled using a software designed to evaluate the
intrinsic environmental performances of a building over its entire life
cycle. ELODIE software was used in this work. The building scale assess-
ment methodology is based on coupling the methodology developed
for the product scale with the Life Cycle Assessment (LCA) at building
scale. This methodology allows a proper integration of leaching data in
LCA tools and answers several technical questions raised in the field.
Keywords: environmental impact assessment, construction products,
building, leaching, chemical-transport modelling, LCA, treated wood,
fibre-cement sheets, bitumen membranes
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Re´sume´
Tous les produits de construction ou les ouvrages qui sont en contact
avec l’eau de pluie, sont susceptibles de relarguer des composants chi-
miques potentiellement dangereux pour la sante´ humaine et l’environ-
nement. Actuellement, le relargage des substances dangereuses dans
l’eau est e´value´ essentiellement par des me´thodes expe´rimentales - ge´-
ne´ralement des essais de lixiviation re´alise´es a` l’e´chelle du laboratoire.
Par ailleurs, les impacts environnementaux des produits de construc-
tion et des baˆtiments sont e´value´s par l’approche Analyse de Cycle de
Vie (ACV), re´alise´es a` partir de donne´es propres aux fabricants et de
donne´es ge´ne´riques existantes constitue´es en bases de donne´es. Or, les
e´missions de polluants pendant la vie en œuvre des produits de construc-
tion sont actuellement mal prises en compte dans ces meˆmes bases de
donne´es existantes et dans les me´thodes utilise´es pour l’e´valuation des
performances environnementales des produits et des baˆtiments.
Dans ce contexte, les objectifs de ces travaux ont e´te´ : (i) de de´velopper
une me´thodologie pour l’e´valuation du comportement a` la lixiviation
de diffe´rentes matrices de produits de construction et (ii) d’inte´grer les
donne´es de lixiviation dans les me´thodes ACV a` l’e´chelle du baˆtiment.
La me´thodologie de´veloppe´e pour l’e´valuation du comportement a`
la lixiviation des produits de construction est base´e sur : (1) des es-
sais de caracte´risation a` la lixiviation, selon les me´thodes standardise´es
d’e´valuation re´pondant au Re`glement Produits de Construction (RPC),
(2) la mode´lisation et la simulation des phe´nome`nes couple´s chimie-
transport a` l’e´chelle laboratoire et vraie grandeur et (3) l’inte´gration des
donne´es de lixiviation, obtenues par des simulations nume´riques en
conditions d’exposition naturelle des produits de construction, dans les
me´thodes ACV, aux e´chelles produit et baˆtiment.
La me´thodologie propose´e a e´te´ applique´e et valide´e sur trois produits
de construction : le bois traite´ CBA (Cuivre - Bore - Azole), la plaque
fibrociment et la membrane bitumineuse. Les comportements a` la lixi-
viation du bois traite´ CBA et de la plaque fibrociment a e´te´ simule´ pour
des conditions naturelles d’exposition a` long terme, en utilisant le lo-
giciel ge´ochimique PHREEQC R©. Les mode`les chimiques de´veloppe´es
permettent de conside´rer les matrices organiques et mine´rales et leurs
interactions avec les polluants. Les phe´nome`nes de transport des sub-
stances ont e´te´ e´galementmode´lise´s. Lesmode`les d’e´mission de´veloppe´s
(couplage chimie-transport) permettent de simuler la lixiviation dyna-
mique des produits conside´re´s, pour diffe´rentes conditions d’exposition.
Pour la membrane bitumineuse, seule la caracte´risation expe´rimentale
a e´te´ re´alise´e. Les donne´es de lixiviation obtenues lors des simulations
sur la dure´e de vie en œuvre des produits ont e´te´ inte´gre´es dans les
inventaires respectifs du cycle de vie (ICV) des produits. Des me´thodes
d’impact spe´cifiques ont e´te´ utilise´es en association avec les inventaires
enrichis pour e´valuer les impacts “pollution de l’eau”, “toxicite´ humaine”
et “e´cotoxicite´” des produits conside´re´s. L’ACV d’une maison simplifie´e
a e´te´ re´alise´e en utilisant le logiciel ELODIE. La me´thode d’e´valuation a`
l’e´chelle baˆtiment consiste a` inte´grer les nouvelles donne´es construites
sur la base de la me´thodologie de´veloppe´e a` l’e´chelle produit aux autres
donne´es d’ACV a` l’e´chelle baˆtiment. La me´thodologie de´veloppe´e au
cours de ces travaux permet donc l’inte´gration des donne´es de lixiviation
dans les outils ACV de´die´s au baˆtiment.
Mots cle´ : performances environnementales, produits de construction,
baˆtiment, lixiviation, mode`les chimie-transport, simulation nume´rique,
ACV, bois traite´, plaque fibrociment, membrane bitumineuse.
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The environmental impact of construction products and buildings is currently
assessed especially by a Life Cycle Assessment (LCA) approach. LCA methods
evaluate all stages of the life cycle of the product (or building) via environmental
indicators, e.g. energy consumption, resource depletion, water consumption, air
pollution, soil pollution, climate change, etc. At the moment, the emissions to water
and soil during the use stage of a product are not well evaluated, the impact being
either underestimated or overestimated. Underestimation can lead to a wrong
evaluation of the environmental impact of buildings and is mainly due to the lack
of data (leaching data). On the other hand, overestimation of emissions to water
and soil is due to the use of data from generic data bases and can slow down the
development of innovative construction products and procedures (e.g. based on
secondary raw materials).
The release of pollutants from construction products in contact with water (leach-
ing phenomena) can be evaluated by experimental and numerical methods. Special
conceived experimental methods (leaching tests) have already been developed.
Leaching from biocide-treated construction products or with waste included has
been intensively investigated. However, leaching from classical construction prod-
ucts (without waste included) is a subject that needs to be addressed more deeply in
view of a proper assessment of the environmental impact of products and buildings.
Two problematics have been identified: (i) availability of leaching data on
construction products and (ii) integration of leaching data in the LCA approach.
Generating leaching data on classical construction products is a recent subject
stimulated by the relatively recent European regulation in the construction field.
Developments of experimental approaches adapted to any construction material
(named horizontal approaches) are strongly encouraged.
Then the integration of the obtained leaching data with LCA tools, especially
with the Environmental Product Declaration (EPD) system, is of high interest. Sev-
eral questions need to be answered and a proper methodology has to be developed.
1
Introduction
In this context, two main objectives have been foreseen in the current study:
1. Development of a methodology to assess the leaching behaviour of classical
construction products of various matrixes (e.g. porous, non-porous, organic,
mineral, treated), based on an experimental, horizontal approach, and appli-
cation to several widespread construction materials.
2. Proposal for a methodology of coupling LCA and leaching data, i.e. assess-
ment of the environmental impact of leaching from construction products
during use stage.
This work was realised essentially with the financial support of Centre Scientific
et Technique du Baˆtiment (CSTB), with the contribution of Laboratoire dInge´nierie
des Syste`mes Biologiques et des Proce´de´s (LISBP) de Toulouse, BAM Bundesanstalt
fu¨r Materialforschung und -pru¨fung Berlin, Berlin and Deutscher Akademischer
Austausch Dienst (DAAD).
The present dissertation is structured around four chapters.
Chapter 1 presents the state of the art of the discussed problem. A general
methodology for the coupling of leaching and LCA data is presented in chapter 2.
The methodology is based on including leaching data in the inventory and further
assessing the impact by relevant methods. Leaching data is generated by numerical
simulations, based on characterisation leaching tests at lab scale. In chapter 3 the
proposed methodology is tested on three preselected construction products. The
experimental platforms, the leaching mechanisms developed and the numerical
simulation principles are described for: (i) a mineral (non-metallic) porous product
(i.e. fibre-cement sheets), (ii) an organic porous product (i.e. treated wood) and (iii)
an organic non-porous product (i.e. bitumen membranes).
Chapter 4 presents the methodology for including leaching data within the in-
ventory data over the whole life cycle of the product. Further, the enriched inventory
is assessed by specific methods for water pollution, human toxicity and ecotoxicity
indicators. Only the case of treated wood is discussed in detail. The second part of
this chapter is an exercise for including the enriched inventory at building scale. A
simplified house is considered and its environmental performances are assessed.
2
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CHAPTER 1. STATE OF THE ART AND RATIONALE
Actuellement, dans le secteur de la construction l’accent est mis de plus en
plus sur les performances environnementales et sanitaires des produits et des
baˆtiments. En conse´quence, des donne´es sont ne´cessaires pour e´valuer et garantir
ces performances. En ce qui concerne les e´missions des substances dangereuses
pendant la vie en œuvre, pour les produits constituant l’enveloppe du baˆtiment
(utilisation en exte´rieur), les e´missions dans l’eau sont la principale pre´occupation,
tandis que pour les produits utilise´s a` l’inte´rieur du baˆtiment, l’accent est mis sur
les e´missions dans l’air inte´rieur.
Tous les produits de construction et baˆtiments qui sont en contact avec l’eau pen-
dant leur cycle de vie peuvent relarguer des compose´s chimiques potentiellement
dangereux pour la sante´ et l’environnement. Dans l’e´valuation des performances en-
vironnementales de produits, il est important d’avoir une estimation repre´sentative
des taux d’e´mission des compose´s chimiques (exoge`nes ou endoge`nes) selon les
diffe´rents sce´narios d’exposition et de comprendre comment ces taux d’e´mission
e´voluent dans le temps. Les e´missions dans l’eau des produits peuvent eˆtre e´value´es
par des approches expe´rimentales, ainsi que par des me´thodes nume´riques (simula-
tion nume´rique). Les phe´nome`nes physico-chimiques et de transfert de masse qui
ont lieu au contact produit eau sont regroupe´s sous le terme “lixiviation”.
A l’heure actuelle, l’impact environnemental des produits de construction et
des baˆtiments est e´value´ essentiellement par une approche Analyse du Cycle de
Vie (ACV). Malgre´ l’inte´reˆt actuel pour les phe´nome`nes de lixiviation, l’impact
d aux e´missions dans l’eau pendant la vie en œuvre des produits est mal pris en
compte dans les e´valuations, l’impact e´tant soit sous-estime´, soit surestime´. La sous-
estimation peut conduire a` une mauvaise e´valuation de l’impact environnemental
des baˆtiments et est principalement due a` l’absence des donne´es de lixiviation. La
surestimation des e´missions dans l’eau et le sol est due a` l’utilisation des bases de
donne´es ge´ne´riques, en se basant par exemple sur le contenu total d’une substance
dans le produit qui est conside´re´ comme e´tant comple`tement lixivie´ au cours de
la phase d’utilisation. Cette hypothe`se est fausse pour la plupart des substances.
Une telle erreur de calcul peut entraver le de´veloppement de certains produits de
construction innovants (par exemple a` base de matie`res premie`res secondaires).
La lixiviation des produits de construction “classiques” (sans de´chets inclus)
est un sujet qui doit eˆtre aborde´ plus en profondeur afin d’e´valuer correctement
l’impact environnemental des produits et des baˆtiments. Deux proble´matiques ont
e´te´ identifie´es dans cette e´tude : (i) la disponibilite´ des donne´es de lixiviation sur
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les produits de construction et (ii) l’inte´gration des donne´es de lixiviation dans
l’approche ACV.
La mise a` disposition des donne´es de lixiviation sur les produits de construction
est un sujet qui peut eˆtre re´solu par des tests de lixiviation a` l’e´chelle laboratoire
et sur le terrain. Ne´anmoins, les e´missions sur plusieurs anne´es d’exposition sont
difficiles a` obtenir par des me´thodes expe´rimentales, mais pourraient eˆtre obtenues
par des simulations nume´riques. Les tests de lixiviation restent indispensables pour
construire des mode`les fiables a` long terme.
L’e´tape suivante de l’e´valuation consiste a` inte´grer les donne´es de lixivia-
tion dans les outils ACV. Le couplage lixiviation-ACV est une proble´matique
re´cente. Une me´thodologie approprie´e doit eˆtre de´veloppe´e. L’approche utilise´e
dans cette e´tude, est de´crite dans le chapitre suivant. Dans le troisie`me chapitre, la
me´thodologie propose´e est e´tudie´ sur trois produits pre´se´lectionne´s de diverses
matrices poreuses, soit organique, mine´ral (non me´tallique) poreux et non poreux
organique.
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1 Introduction
In the construction sector more and more emphasis is put on health and envi-
ronmental aspects. This means that health and environmental issues must be taken
into consideration in the development of both products and services. Consequently,
information is needed to prove the health and environmental performance of con-
struction products and buildings. For outdoor use, release of dangerous substances
in water is of high concern, while for indoor use focus is on emission to indoor air
quality (EC, 2005).
Any construction product and building undergoing contact with water during
its life cycle can release chemical compounds potentially hazardous for the human
health and environment. In the environmental performance assessment of inno-
vative and common construction products, it is important to have representative
estimates of the chemical compounds’ (biocides or endogenous substances) emis-
sion rates under different exposure scenarios and to understand how these emission
rates change with time and other variables. The release can be evaluated by ex-
perimental approaches, as well as numerical methods (numerical simulation) and
therefore the environmental impact of the product or building could be assessed.
Construction products contain several and various substances which are suscep-
tible of being released to the environment. They can be organic or inorganic (Table
1.1). Organic substances found in construction products are usually pesticides, i.e.
biocides added via a treatment in order to increase the product’s mechanical and
esthetical properties. Among the inorganic, heavy metals are the most common
and dangerous, e.g. chromium (Cr), copper (Cu), zinc (Zn), lead (Pb), cadmium
(Cd), nickel (Ni). They are always present and often highly concentrated, not
biodegradable and show a distinct accumulation behaviour on solid surfaces (e.g.
soil).
Indeed, heavy metals are commonly found in sewage water and their source
is mainly runoff water (Gromaire-Mertz et al., 1999, 2002; Gouman, 2004; Chocat
et al., 2007). In Switzerland, for example, roofs represent 69% of copper surfaces
in buildings, i.e. ca. 2.5m2 copper sheets on roofs / inhabitant (Wittmer, 2006).
The rest consists in energy systems, telecommunications, heating systems, water
systems. A study carried out in Zu¨rich (Switzerland) showed that the concentration
of Cu, Pb, Zn, Cd is up to 75 times higher in roof runoff than in stormwater (Mottier
et al., 1995). Another study carried out in a central quarter of Paris (France) proved
that the concentrations of Cd, Cu, Pb and Zn in runoff water from roofs were 4 to 6
9
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Table 1.1: Pollutants originating from roof, facade, terrace run-off (Boller, 2011)
Source Substances
roof metal sheets, metal facade copper, zinc, lead, nickel, cadmium, tin, etc.
metal gutters, drains
roof isolation (bitumen, plastics) biocides/pesticides, flame retardants
UV-filters, plasticizers, etc.
facades and terraces biocides/pesticides, conserving agents
UV-filter, synthetic nano-particles, etc.
atmospheric wash-out copper, pesticides, etc.
times higher than those from drive ways (Gromaire-Mertz et al., 1999, 2002).The
contamination of sewage water with heavy metals has been observed in other
countries too, e.g. in Holland (Gouman, 2004), in Sweden (Bergba¨ck et al., 2001;
So¨rme et al., 2001), in Germany (Fo¨rster, 1999).
Figure 1.1: Relationship between impervious cover and surface runoff EPA (2003).
In urban and suburban areas, much of the land surface is covered by buildings
and pavement, which are impervious surfaces and do not allow rain and snowmelt
to soak into the ground. For example, in the United States alone, pavements and
10
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other impervious surfaces cover more than 11 mil ha, an area nearly the size of
Ohio (Frazer, 2005). Instead, most developed areas rely on storm drains to carry
large amounts of runoff from roofs and paved areas to nearby waterways. Thus,
pollutants, such as oil, dirt, chemicals and lawn fertilizers are carried directly to
streams and rivers, where they might seriously harm water quality. In natural
ground covered areas, 50% of the storm water infiltrates (shallow or deep), while
in areas with 75–100% impervious surface, only 15% of storm water manages to
infiltrate into the soil and 55% is being directed to rivers (see Figure 1.1) (EPA, 2003).
Either way, if runoff is directly rejected to the environment by infiltration (e.g. the
case of house settlements) or if it is collected and later directed to rivers (e.g. the
case of dense buildings or industrial sites), the environmental impact of pollutants
released from construction products (and buildings) needs to be assessed.
2 Leaching phenomena
The physico-chemical and mass transfer phenomenon occurring at the product-
water contact is called leaching. If the “solid-liquid” system is not in equilibrium,
it moves towards a new stable thermodynamic status. Leaching is defined by the
following phenomena:
(i) chemical reactions taking place in the structure of the material (pours or
fibres),
(ii) precipitation/solubilisation, or other fixation/solubilisation mechanisms,
(iii) diffusion (if the product is porous, from the more concentrated regions, i.e.
pores or surface to the more diluted regions, i.e. leachate compartment),
(iv) absorption (of gases, mainly CO2 which can react with hydroxyl ions in an
alkaline environment).
The liquid in contact with the solid phase at moment t = 0 is called leachate
and at t > 0 it is called eluate. The leachate can consist of demineralised water,
diluted acids/bases (in lab tests), rain, ground, underground or marine water (in
tests under natural exposure conditions). Eluates are leachates containing various
concentrations of leached substances (insignificant or high).
From the point of view of leaching, the construction products can be classified
as follows:
– granular – “composed of solid particles with a particle size smaller than a
specified size or grading” (CEN, 2012a) and
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– monolithic – “which has certain minimum dimensions and physical and
mechanical properties that ensure its integrity over a certain period of time in
the considered intended conditions of use” (CEN, 2012a).
Based on their matrix, construction products can be: (i) organic, (ii) metallic, (iii)
mineral and (iv) mixed. The structure of the product can be porous or non-porous,
favouring or not the diffusion of substances from the pores to the surface.
Two main types of leaching scenarios are possible (all phenomena described
above in (i) (v) may take place):
(a) percolation - water passes through the material,
(b) external mass transfer - water flows around the material.
Historically, the development of leaching tests and methodologies has started
as a necessity in the assessment of the environmental behaviour of waste or ma-
terials containing recycled waste. Water is considered the main environmental
pollution vector responsible for transfer and dispersion of soluble pollutants from
solid waste materials placed in real scenarios implying contact with water. Many
studies have been reported on leaching behaviour of waste (e.g. (van der Sloot, 1990;
van Zomeren and Comans, 2004)) and on the leaching behaviour of construction
products containing wastes. It is mainly the case of cement-based materials con-
taining inorganic waste (Gervais et al., 1999; van der Sloot, 2002; Tiruta-Barna et al.,
2004; Barna et al., 2005) or asphalt amended with waste ash (Dubey and Townsend,
2007; Chiu et al., 2009). All these studies aimed at describing the leaching behaviour
in view of land filling (wastes, stabilized wastes) or recycling (wastes, construction
materials containing wastes).
Currently, the leaching behaviour of “classical” construction products (without
waste included) is of high interest (EC, 2005). In 2011 the Construction Products
Regulation – CPR (EC, 2011) replaced the Construction Products Directive – CPD
(EC, 1989). The scope of the new CPR is the regulated issues under seven basic
requirements (BRs) for construction works, which have to be assured by the member
states:
1. mechanical resistance and stability,
2. safety in case of fire,
3. hygiene, health and the environment,
4. safety and accessibility in use,
5. protection against noise,
12
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6. energy economy and heat retention,
7. sustainable use of natural resources (new requirement compared to CPD).
The BR 3 on hygiene, health and the environment, states that “the construction
works must be designed and built in such a way that they will, throughout their life
cycle, not be a threat to the hygiene or health and safety of their workers, occupants
or neighbours, not have an exceedingly high impact, over their entire life cycle,
on the environmental quality or on the climate, during their construction, use and
demolition in particular as a result of any of the following: ... (d) the release of
dangerous substances into ground water, marine waters, surface waters or soil; (e)
the release of dangerous substances into drinking water or substances which have
an otherwise negative impact on drinking water; ...”. In order to comply with the
BR 3 the European Commission mandated CEN/TC 351 to develop methods for
the assessment of the leaching behaviour of various construction products (based
on wood, concrete, etc.) with the same methods, i.e. horizontal approach. A generic
horizontal dynamic surface leaching test (DSLT) for determination of surface depen-
dent release of substances from monolithic or plate-like or sheet-like construction
products and a generic horizontal up-flow percolation test for determination of the
release of substances from granular construction products have been validated in
2012 (CEN, 2012b). Moreover, an Expert Group on Dangerous Substances (EGDS)
was established and has prepared an “Indicative list on dangerous substances” and
a database on national regulations in terms of dangerous substances (EC, 2013).
Previous studies concerning the release of potentially hazardous substances to
the environment (soil, groundwater, surface water etc.) from “classical” construc-
tion products generally report that this is an issue of concern, depending on the
type of pollutants and exposure conditions (Lebow, 1996; Schiopu, 2007; Robert-
Sainte, 2009; Ahn et al., 2010; van der Sloot and van Zomeren, 2011). For example,
metallic roofs are the main source of heavy metal release (Zn, Cu, Cd, Ni, etc.) into
the urban sewage water (Fo¨rster, 1999; Bergba¨ck et al., 2001; So¨rme et al., 2001;
Gouman, 2004; Faller and Reiss, 2005; Robert-Sainte, 2009). Moreover, preservative
treatment is currently widely spread in the construction products’ industry. Various
biocides are applied in surface or core treatment in order to prevent biological
attack and increase the products’ durability (mechanical properties). Several oil and
waterborne treatment solutions have been used on construction products, such as:
creosote, pentachlorophenol, terbutryn, mecoprop, ammoniacal copper arsenate
(ACA), chromated copper arsenate (CCA) for wood treatment (Lebow, 1996).
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Furthermore, surface treatment can be applied during the maintenance phase
of the product. Leaching from treatment products has been extensively studied,
for example by van der Voorde (2012) who investigated the leaching of biocides.
However, this subject is complementary with the scope of the current work.
Biocides added with the treatment solution (before or during the service life
of a product), as well as endogenous substances (originating in the material) are
susceptible of leaching and might be a threat to people or the environment. Yet,
literature data is very scarce concerning leaching data on the “classical” construction
products and more knowledge is needed on this topic.
3 Environmental assessment of pollutant release from
construction products
Currently, the environmental impact of construction products and buildings is
evaluated namely by a Life Cycle Assessment (LCA) approach. LCA is a tool to
“assess environmental impacts and potential environmental impacts throughout a
product’s life cycle” (ISO 14040, 2006), from cradle-to-grave (i.e. from raw material
extraction, to disposal and recycling of the final product after use). In LCA, the
central objects of analysis are a product function and the industrial and other
processes connected to it. Thus, the function of lightning a room can be fulfilled
with a lamp, wiring and electricity. The system extends to the transportation of coal
from mines to power plants, the production of electric wires and glass, the mining
of fossil fuels and metals, the disposal of used lamps, the recycling of copper wires
etc. (Heijungs et al., 2004).
The ISO 14040 standard distinguishes four main phases in LCA: (i) goal and
scope definition, (ii) inventory analysis, (iii) impact assessment and (iv) interpreta-
tion (Figure 1.2).
The first step in a LCA is to define the goal and scope of the study, including the
system boundary and level of detail. This depends especially on the intended use of
the study. The life cycle inventory (LCI) phase makes an inventory of input/output
data necessary to meet the goals of the defined study. The impact assessment phase
(LCIA) provides information in order to assess the LCI results of the considered
system and to understand their environmental significance. The final phase of
an LCA is the interpretation of LCI and LCIA results, as a basis of conclusions,
recommendations and decision-making in accordance with the goal and scope
definition.
14
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Figure 1.2: LCA phases cf. ISO standards 14040-44 (ISO 14040, 2006; ISO 14044,
2006).
The main advantage of LCA is that it helps to avoid the transfer of impacts
between the various stages of the life cycle of a product or a system. The life cycle
of a construction product contains the following stages: production, transport,
construction process, use and end of life (Figure 1.3).
The environmental impacts associated with a product, for each phase of its
life cycle, are evaluated using indicators, such as raw material acquisition, energy
use and efficiency, content of materials and chemical substances, waste generation,
released substances to air, soil and water. This information, together with the
product and company details, is centralised in the so called EPDs (Environmental
Product Declarations). An EPD is a standardized, LCA based tool to communi-
cate the environmental performance of a construction product or system, and is
applicable worldwide for all interested companies and organizations. EPDs are
voluntarily developed information and their purpose is to provide quality-assured
and comparable information regarding the environmental performance of products.
EPDs have only recently been harmonised at European level by the standard
EN 15804 (CEN, 2011). However, already existing EPDs in European countries
are not harmonised. They have been developed according to the European stan-
dards ISO 14025 (ISO 14025, 2006), ISO standard series 14040 (ISO 14040, 2006)
and 14020 (ISO 14020, 2000) or ISO 21930 (ISO 21930, 2007), but transposed with
different specifications according to national standard, e.g. French EPDs based on
the national standard NF P 01 010 which are centralised in the national database
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Figure 1.3: Stages of the life cycle of a construction product (CSTB, 2002).
INIES (Association HQE, 2009). In most of existing EPDs the inventory concerns
mainly the production stages. Data referring to use of resources (energy and raw
materials), emissions to air and water or process waste are mostly regarded during
the production and sometimes transport phase. Nevertheless, the French EPDs
consider the impact over the whole life cycle of the product, i.e. production, trans-
port, construction process stage, use stage and end of life. Concerning the impact
categories (and methods) used at European level, the results presentation vary
from country to country (see three examples in Table 1.2). With the publication in
2012 of the harmonised European standard (CEN, 2011), the national standards has
been or will be (depending on the country) replaced by it. The European standard
provides core product category rules for construction products in order to ensure
the harmonisation of all EPDs. More recently, the European guidance document Ee-
BGuide (EeBGuide, 2012), based on standards ISO 14040-44, EN 15978 (CEN, 2010)
and the EN 15804 (CEN, 2011), provides information on calculation rules, metrics,
provisions and instructions for the preparation of LCA studies for energy-efficient
buildings and building products for European research projects, also in view of
harmonising the methodology for the construction of EPDs.
At present, the release of potentially hazardous substances towards soil and
water are considered only partially in the EPDs. More, several ambiguities have
been identified:
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Table 1.2: Impact categories in EPDs from three European countries.
Country / Name Impact categories Unit/FU
French FDES
Use of energy MJ
Consumption of raw materials kg Sb eq.
Total water consumption L
Waste production kg
Climate change kg CO2 eq.
Atmospheric acidification kg SO2 eq.
Air pollution m3
Water pollution m3
Ozone depletion potential kg CFC eq.
Photochemical ozone creation potential kg C2H4 eq.
German EPDs
Use of energy MJ
Abiotic resource depletion kg Sb eq.
Total water consumption L
Global warming potential kg CO2 eq.
Ozone depletion potential kg CFC eq.
Acidification potential kg SO2 eq.
Eutrophication potential kg PO2–4 eq.
Use of energy MJ
Finish RT– Consumption of raw materials g
Environmental Emissions to air g of pollutant
declarations Emissions to water g of pollutant
Process waste g
– Leaching data (i.e. emissions towards soil and water during use stage) are not
considered or are very scarce.
– Concerning the inventory phase, if considered, leaching data is included either
in the water or the soil emissions indicator, depending on the existence of ref-
erence flows in the corresponding list. Nevertheless, for a correct calculation
of the impact, the target compartment of pollutant emission needs to be stated
clearly.
– The results are given for one year or for all reference service life (RSL), e.g.
50 years of use. The relationship between the two values is linear (obtained
either by dividing the all service life emissions by the RSL, respectively, by
multiplying the one year emissions with the RSL). Or, it has already been
observed in field leaching tests that emissions over longer periods (several
years) are not constant in time (Schiopu, 2007; Morsing and Klamer, 2010).
This aspect relies on a more fundamental default of the LCA methodology
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which is the absence of the temporal dimension.
– Concerning the LCIA phase, in a first step, emissions of pollutants to water
and soil during use stage (leaching data) have a local scale but they are
summed with emissions during the other phases of the product’s life cycle,
taking place elsewhere and at different moments. Here again, this shortcoming
relies on the fundamental basis of LCAmethodwhich loses the spatial location
of the environmental burdens. In a next step, the impact of emissions to water
and soil is calculated using different methods. For example, in France the
pollutant impact in FDES is calculated by the critical volumes method, i.e. the
volume of water (in m3) needed to dilute the emissions from a certain product,
in order to meet the thresholds from the ICPE regulation (ICPE, 2008). This
method is considered as “user-friendly” but it does not take into consideration
the impact mechanisms (e.g. the transport of the pollutants between different
compartments such as from soil to groundwater, to freshwater, etc).
At European level, in the EN 15804 standard (from CEN / TC 350), the inventory
of the release of dangerous substances to soil andwater are considered asmandatory
(and data should be obtained according to the standards from CEN/TC 351) but
also as additional information. Nevertheless, a specific indicator and a calculation
method are not yet defined regarding the assessment of the impact due to these
emissions (to water and soil).
In order to evaluate the contribution of different life stages to the total emissions
for several pollutants we realised a comparison for cement based products (Lupsea
et al., 2012b). Data found in EPDs for water pollution during use stage is compared
to leaching data obtained at field scale (1 year of natural exposure). The two
products used to build Table 1.3 are not identical, but similar (concrete slabs made
of XF1 C25/30 CEM II, respectively XF1 C25/30 CEM I), as we didn’t dispose of
both kind of data for the same products. The second column (Release during use
stage: leaching data) refers to experimental leaching data taken from (Schiopu,
2007), while the third column (Release during use stage – EPDs data) shows data
concerning release to water during the use stage of the product, which is at the
moment integrated in the EPD (SNBPE, 2008). In the fourth column (Release during
whole life cycle – EPDs data)) we have summed up emissions into water over the
life cycle, i.e. release during production, construction process, use stage and end of
life (data found in the EPD). The latter doesn’t refer to leaching phenomena, but
to discharge to the environment via other events. If we disposed of leaching data
for the concerned product, and it were taken into account, their contribution to
18
CHAPTER 1. STATE OF THE ART AND RATIONALE
Table 1.3: Release of substances to water from concrete slabs (EPDs and leaching
data) during use stage and their contribution in % to the releases during the whole
life cycle of the product.
Release during Release during Contribution of release
use stage whole life cycle during use stage
Leaching data EPDs data EPDs data Leaching data EPDs data
Unit mg/m2/year mg/m2/year mg/m2/year % %
Al 56.0 0 9.25 85.9 0
Cr 16.0 0 0.124 99.2 0
Cu 15.0 0 0.0624 99.6 0
Zn 14.0 0 0.157 98.9 0
DOC 4300 0 3610 54.4 0
emissions during the whole life cycle would be as calculated in the fifth column
(Contribution of release during use stage: leaching data), i.e. up to 99%.
Despite the current interest in leaching data, the impact due to emissions to
water and soil during the use stage is not well evaluated, the impact being either
underestimated, or overestimated. Underestimation can lead to a wrong evaluation
of the environmental impact of buildings and is mainly due to the lack of leaching
data.
On the other hand, overestimation of release to water and soil is due to the
use of data based on the total content of a substance in the construction products,
which is considered to completely leach during the use stage. This assumption is
false for most substances. Such miscalculation can hinder the development of some
innovative construction products (e.g. based on secondary raw materials).
Another problem for the evaluation of leaching data in the EPDs is the fact that
the concentrations of hazardous species and other released substances are very low.
At a first glance, these values could be considered as insignificant. Nevertheless, to
correctly evaluate the environmental impact, the cumulated mass of the substance
leached per functional unit (FU) needs to be estimated on appropriate time spans.
In reality, the released quantities could be very high and hazardous for different
compartments and consequently a significant impact will be obtained.
In a possible attempt of coupling leaching with LCA data, one can run into the
dynamic of leaching data. Emissions to the environment from construction products
in contact with water are indeed a dynamic process. The release of substances to
soil and water occurs over a certain period and is variable in time. This is proved by
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all leaching curves obtained in several studies carried out on various products and
substances. Some influencing parameters are the liquid to solid ratio, i.e. quantity of
rain, the kinetics of the reactions taking place in the pores of the solid, the diffusion
in pores.
However, current LCA tools do not yet provide a comprehensive and operational
approach for the proper consideration of time dependency. In conventional LCA, the
human driven systems which are analysed are typically considered to run in steady
state conditions. Indeed, conventional LCA models are ideal simplifications of a
reality which is, nonetheless, highly dynamic and variable over time. Methodologies
and tools for the proper consideration of time in LCA (both in LCI and LCIA) have
not been developed yet. The difficulties concern the inventory as well as the impact
assessment phases of an LCA approach. Despite the high importance of the dynamic
aspect of leaching data and their integration in LCA methods, this subject is beyond
the scope of this current work and could be envisioned in a follow-up project.
At building scale, currently, the environmental performances of buildings are
also evaluated by a LCA approach. Several European projects dealing with LCA
and buildings have been conducted over the past few years. Most of them were
aimed at adapting the methodological rules for LCA studies in the construction
sector and enabling the development of user-friendly tools that can be used by
building stakeholders, who are usually not LCA experts. These projects included,
for example, Annex 31 IEA (IEAAnnex 31, 2005), PRESCO (PRESCO, 2004), ENSLIC
Building (ENSLIC Building, 2009), LoRe-LCA (LoRe-LCA, 2011) and EeBGuide
(EeBGuide, 2012). Integrating leaching data in EPDs which are further used in LCA
studies on buildings is another subject of interest, which needs to be addressed in
detail. It is, however, not one of the main objectives of this work.
4 Conclusions
Leaching from “classical” construction products (without waste included) is
a subject that needs to be addressed more deeply in view of a proper assessment
of the environmental impact of products and buildings. Two problematics have
been identified in the above sections: (i) collection of leaching data on construction
products and (ii) integration of leaching data in the LCA approach.
The collection of leaching data on classical construction products is a subject
which can be addressed by leaching tests at laboratory and field scale. Nevertheless,
the emissions over longer periods of time (i.e. RSL reference service life) are
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difficult to obtain by experimental methods, but could be characterised by numerical
simulations. However, leaching tests are indispensable in order to build reliable
long term models.
Once the release from construction products in contact with water during the
use stage evaluated, the next step is to integrate them in LCA tools, along with
emissions during other stages. The consideration of leaching data with LCA tools
is currently a problematic of high interest. Some tentatives of including leaching
data in the LCA approach (e.g. EPDs) have been identified. Yet, several questions
need to be answered in what the inventory and the impact assessment concerns. A
proper methodology has to be developed.
The approach used in order to respond to the main objectives of this study, i.e.
development of a methodology to numerically assess the leaching behaviour of
various classical construction products and a methodology for coupling LCA and
leaching data, is described in the following chapter. Next, the proposed methodol-
ogy is studied on three preselected products of various matrixes, i.e. organic porous,
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CHAPTER 2. MATERIALS AND METHODS
Ce chapitre pre´sente la me´thodologie de´veloppe´e et applique´e pour l’inte´gration
des e´missions de polluants au cours de la phase d’utilisation du produit, dans l’ap-
proche ACV. La me´thodologie propose´e dans cette e´tude est base´e sur l’inte´gration
des donne´es de lixiviation dans l’inventaire et l’e´valuation ensuite de l’impact par
des me´thodes approprie´es. La me´thode la plus pertinente et la moins couˆteuse pour
l’estimation des e´missions des produits de construction a` long terme (pendant toute
la dure´e de vie dans l’ouvrage) est de simuler leur comportement a` la lixiviation
en utilisant des mode`les me´canistiques. Dans cette e´tude, le de´veloppement des
mode`les me´canistiques est base´ sur des essais de lixiviation a` l’e´chelle laboratoire,
la mode´lisation et la simulation nume´rique a` l’e´chelle laboratoire et sur le terrain.
Les re´sultats ainsi obtenus sont ensuite inte´gre´s dans l’approche ACV.
Les principales e´tapes de la me´thodologie ge´ne´rale propose´e sont :
1. La ge´ne´ration des donne´es d’entre´e pour le de´veloppement des mode`les
contrlant les phe´nome`nes de lixiviation :
(a) Pour le mode`le chimique les donne´es sont obtenues a` l’aide des essais
de lixiviation statiques a` l’e´chelle laboratoire (de´pendance du pH, essais
mene´s dans des conditions favorisant l’attente de l’e´quilibre dans des
de´lais court – 2 jours).
(b) Pour le mode`le transport les donne´es sont obtenues a` l’aide des essais de
lixiviation dynamiques a` l’e´chelle laboratoire ; ces essais sont effectue´s sur
des e´chantillons monolithiques et permettent d’obtenir des informations
supple´mentaires sur le me´canisme de diffusion dans les pores du produit
et/ou sur le transfert de masse (convection) a` la surface du monolithe.
2. De´veloppement du mode`le chimique : a` partir des donne´es d’entre´e ge´ne´re´es
a` l’aide des essais de lixiviation statiques, des donne´es de la litte´rature et a`
l’aide des logiciels spe´cialise´s incluant des bases de donne´es spe´cifiques a` la
mode´lisation physico-chimique.
3. De´veloppement du mode`le de transport des polluants : a` partir des donne´es
d’entre´e ge´ne´re´es a` l’aide des essais de lixiviation dynamiques, des donne´es de
la litte´rature et a` l’aide des logiciels spe´cialise´s incluant des bases de donne´es
spe´cifiques a` la mode´lisation physico-chimique.
4. Couplagemode`le chimique etmode`le transport : le mode`le chimique de´veloppe´
a` l’e´tape 2 est couple´ avec les me´canismes de transfert de masse et de trans-
port identifie´s a` l’e´tape 3, afin de de´crire l’e´volution de l’eau des pores et la
composition du lixiviat en fonction du temps.
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5. Ge´ne´ration / acquisition des donne´es pour la validation du mode`le a` l’e´chelle
pilote : ces donne´es sont issues des essais a` l’e´chelle pilote mene´s dans des
conditions naturelles d’exposition, i.e. les produits sont expose´s a` l’eau (a`
l’occurrence l’eau de pluie) pendant au moins un an.
6. Validation du mode`le a` l’e´chelle pilote : le comportement a` la lixiviation
des produits expose´s dans des conditions naturelles est mode´lise´. Le mode`le
chimie-transport est enrichi avec des parame`tres de´crivant l’exposition dans
des conditions naturelles.
7. Couplage lixiviation / approche ACV a` l’e´chelle produit : les e´missions cu-
mule´es de´termine´es par simulation nume´rique sont inte´gre´es dans l’inventaire
du cycle de vie (ICV) et des cate´gories d’impact pertinentes et des me´thodes
d’e´valuation sont choisies et applique´es avec l’inventaire enrichi.
8. Couplage lixiviation / approche ACV a` l’e´chelle baˆtiment : les impacts calcule´s
a` l’e´chelle produit sont inte´gre´s avec les autres donne´es ACV a` l’e´chelle
baˆtiment ; l’impact global est calcule´ a` l’aide des outils pour l’e´valuation des
performances environnementales des baˆtiments.
Trois produits sont se´lectionne´s pour les e´tudes de cas a` l’e´chelle produit et
l’e´tude de cas d’une maison individuelle simplifie´e est conside´re´ pour l’applica-
tion de la me´thodologie a` l’e´chelle baˆtiment. Les proble`mes rencontre´s dans cette
proce´dure sont discute´s.
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1 Introduction
This chapter presents the methodology developed and applied for the integra-
tion in LCA approaches of pollutant emission during the use stage of the product.
First, the general methodology is presented. It is based on leaching tests and numer-
ical simulations of the leaching behaviour of construction products. Three products
are selected for case studies. The performed leaching tests and the principles of the
modelling (and simulation) are described. Leaching data thus obtained is used to
enrich the inventory of the LCA methods (LCI). The next step is to choose a suitable
impact method, in order to assess the environmental impact due to emissions to
water and soil during the use stage. The problems encountered in this procedure
are discussed.
2 General methodology
We have seen in section chapter 1 §3 that the impact of emissions from construc-
tion products to water and soil can be assessed by a LCA approach. Currently, this
is a difficult and yet not elucidated problem. The methodology proposed in this
study is based on including leaching data in the inventory and further assessing the
impact by relevant methods. The most pertinent and less expensive method for the
prediction of release from construction products over long exposure periods is to
simulate their leaching behaviour using mechanistic models. The development of
reliable leaching models applied in this study is based on characterisation leaching
tests at lab scale, modelling and numerical simulation at lab and field scale.
Given the importance of what we called “monolithic materials” (see chapter 1
§2) in the construction industry (the construction products are utmost consolidated
materials), this work is dedicated to this type of products.
The general methodology proposed for coupling the leaching assessment of
monolith construction products with LCA methods follows several steps (Figure
2.1):
1. Equilibrium (pH dependency) leaching tests at lab scale are performed on
crushed samples in view of determining the chemical stability of the material,
the pollutants’ behaviour and the leaching mechanisms.
2. Based on information obtained from the pH dependency test (and literature
data, if existent), a chemical model is developed.
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3. Dynamic lab tests performed on monolith samples (validated as horizontal
leaching test) offer supplementary information about the diffusion mechanism
taking place in the pores of the product and/or about the external mass
transfer (convection) at the monolith surface.
4. The chemical model developed in tier 2 is coupled with mass transfer and
transport mechanisms identified in tier 3, in order to describe the pores’ water
evolution and the leachate composition in function of time.
5. Pilot scale tests are envisioned in natural exposure conditions on products
exposed to rain over at least one year.
6. The leaching behaviour of the products exposed in natural conditions is mod-
elled. The chemical-transport model is enriched with parameters describing
the exposure over 1 year in natural conditions.
7. The cumulative release determined by numerical simulation is included in
the life cycle inventory (LCI), along with the release over the other stages of
the product’s life cycle.
8. Relevant impact categories and evaluation methods (LCIA) are chosen and
applied with the enriched inventory.
3 Studied materials
In a first step we have identified the main construction products used for the
buildings’ envelope, which come into contact with water (products used for the
roofing, fac¸ade, terraces and in foundations). A classification in function of their
structure and nature is shown in Table 2.1.
In the next step we have reduced the list of products, according to several
criteria:
– main products used in Europe (common products on the market or increased
trend),
– products containing a priori dangerous substances for the environment,
– products which are susceptible of leaching when brought in contact with
water.
These criteria and results from previous studies (e.g. (Schiopu et al., 2009;
Burkhardt et al., 2011; Tiruta-Barna and Schiopu, 2011)) allowed the selection of five
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Figure 2.1: Scheme of the methodological approach for the assessment of the
tox/ecotox impact of monolith construction products in contact with water.
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products (i.e. fibre-cement sheets, treated wood, bitumen membrane, photovoltaic
panel and steel roofing sheets) for preliminary leaching tests.
The screening carried out on eluates from the preliminary leaching tests (see
below), restricted our choice for further testing to three construction products:
fibre-cement sheets, treated wood and bitumen membrane (Figure 2.2).
Figure 2.2: Fibre-cement sheets (left), treated wood (middle) and bitumen mem-
brane (right).
3.1 Fibre-cement roof sheets
Fibre-cement roof sheets are a composite material, made of cement, sand (silica)
and reinforcing fibres. After the 80s, the asbestos fibres were replaced with cellulose
or synthetic fibres, e.g. polyvinyl alcohol (PVA) fibres. The usual composition is a
mixture between cellulose and synthetic fibres, thus: 2% PVA fibres, 5% cellulose
fibres, 80% cement (sometimes the formulation contains 10− 30% inert fillers such
as silica or limestone) (Merkley and Luo, 2004). Cellulose fibres are susceptible to
bio-decay or rot attack when incorporated into fibre reinforced cement composite
materials which are in contact with water. Thus, a technology of making reinforced
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cementations composite materials using biocide treated cellulose fibres has been
developed. Nevertheless, in high humidity environments, the pore spaces in the
fibre-cement sheets facilitate water transport to the fibres and biocides could leach
from the product. A commercial product “fibre-cement profiled roofing sheet
natural grey” with blinded composition was used in this study. The experimental
leaching assessment has been carried out at CSTB (Centre Scientifique et Technique
du Baˆtiment), Grenoble - more details in chapter 3 §3.
3.2 CBA treated wood
Being an economical, durable and aesthetically pleasing building product,
treated wood is a frequent choice for construction projects. Previous studies gener-
ally report high leaching rates from treated wood, depending on the type of preser-
vative and exposure conditions (Lebow, 1996; van der Sloot and van Zomeren, 2011).
During the years, different classes of biocides have been used in wood treatment,
due to legislative constraints imposing increasingly strict conditions. Nowadays,
the most common wood biocides are based on boron, copper and various synthetic
organic substances such as propiconazole or tebuconazole. The product studied in
this research consists of Pinus sylvestris treated with copper-boron-azole (further
called “CBA”), containing tebuconazole as main organic biocide. The wood samples
were treated by vacuum pressure with an aqueous solution (2.1 %) of a commercial
preservative (as described in the EN 113 standard). The commercial wood preser-
vative consisted of copper carbonate (22.5 %, i.e. 12.9 % Cu), boric acid (4.9 %, i.e.
0.65 % B), tebuconazole (0.53 %), monoethanolamine (MEA) and 2-ethylhexanoic
acid. The treatment process and the experimental leaching assessment have been
carried out at the German Institute BAM (Bundesanstalt fu¨r Materialforschung und
prfung), Berlin more details in chapter 3 §2.
3.3 Bitumen membrane
Bitumen membrane is a type of roofing product for buildings with flat or nearly
flat roofs. They are composite sheet membranes amixture of bitumen, mineral fillers
and polymers (e.g. styrene-butadiene-styrene copolymer SBS, atactic polypropy-
lene APP) (Partl et al., 1996). Several authors have investigated the leaching
behaviour of bitumen membranes (Brandt and de Groot, 2001; Burkhardt et al.,
2011). Different biocides have been identified, e.g. mecoprop, terbutryn, diuron,
irgalol, etc. (Burkhardt et al., 2011). A commercial product “polymer-modified
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bitumen sheet membrane” blinded composition, was used in this study. The experi-
mental leaching assessment has been performed at CSTB, Grenoble more details in
chapter 3 §4.
4 Material characterisation
Characterisation assays have been carried out on the tested products in order to
determine parameters needed for development of the mechanistic leaching models,
i.e. the porosity and the total content of the materials. The open porosity is a
key parameter in the transport-chemical model. It was measured cf. NF P 18-459
standard on fibre-cement sheets and cf. standard DIN 66133 for CBA treated wood.
The total content of the samples is a parameter used in the chemical model de-
velopment. For CBA treated wood it was determined by mass balance calculations
(see chapter 3 §2.1), while for fibre-cement sheets by analytical methods (see chapter
3 §3).
In what bitumen membranes concerns, no parameters for the material character-
isation were measured.
5 Characterisation leaching tests
In this section the principles of the characterisation leaching tests used in the
experimental work are described. A preliminary leaching test was firstly used for
screening of pollutant release from preselected construction materials. Secondly, the
leaching study strictly speaking applied to the three selected materials was based on
the static ANC test and the dynamic DSLT test described below. We propose these
two leaching tests to be included in a horizontal approach for leaching assessment
of construction products.
5.1 Preliminary static test
The aim of this test is to bring additional information for the product selection
and to help identifying the target substances for further analysis. The preselected
products (according to the above mentioned criteria) in monolith formwere brought
in contact with demineralised water during 48h, with a liquid to solid ratio (mL/g
or mL/cm2) as low as possible (minimum solution volume necessary for analytical
procedures and complete immersion of the product). A screening analysis on about
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30 metals and more than 700 organics was performed on the collected eluates. The
tests have been carried out at CSTB and the analyses have been performed by the
LaDrome Laboratories. The analytical methods used are centralised in Appendix A.
5.2 Static test – ANC
This test, called ANC (Acid/base Neutralisation Capacity test – based on XP
CEN/TS 14429 (CEN, 2006)) aims to describe the pH dependency of leaching for
different components. It provides information on the influence of pH on pollutant
release, acid/base neutralisation capacity and physico-chemical stability of the
material. It was intended for the characterisation of the leaching behaviour of waste.
Nevertheless, it is more and more used on construction products (Esser et al., 2001;
Schiopu, 2007; van der Sloot and van Zomeren, 2011). A similar method is under
development in the USA Draft US EPAMethod 1313 (EPA, 2009a). However, for the
coherence of the results, we chose to use here the European standard. Crushed ma-
terial is brought in contact with demineralised water and acid or alkaline solutions
(NaOH, HCl or HNO3) of various concentrations, such that the pH of the obtained
eluates varies between 2 and 14. The product in contact with the solutions is shaken
for 48h (or longer, depending on the product), until equilibrium is reached, i.e. the
pH and conductivity of the eluates are stable.
5.3 Dynamic test – DSLT
The dynamic surface leaching test (DSLT) has been carried out on fibre-cement
sheets and bitumen membranes cf. TS 2 from CEN/TC 351 (CEN, 2012b) and on
treated wood cf. OECD 313 (OECD, 2007). These tests are used to describe time
dependency of leaching of different components. The corresponding standard in
the USA is the US EPA Draft Method 1315 (EPA, 2009b). The products in monolith
form are immersed in demineralised water for 64, respectively 30 days. Eluates are
collected for analysis and replaced with fresh demineralised water at fixed time
intervals, e.g. after 6 hours, 1 day, 2 days, 5 days etc. A stirrer has been used in
tests on bitumen membranes and fibre-cement sheets, in order to homogenise the
leachate.
Concerning the experimental protocols of the ANC tests, for the cement based
products we used PVC recipients/containers of 0.5L in volume, filled up to max-
imum 80% of the capacity. The tests on organic products, i.e. treated wood and
bitumen membrane, were carried out in glass bottles of 1L in volume. Sets of 6 to
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12 recipients were stirred for 48h (or longer in the case of bitumen membrane) in
an overhead shaker (Figure 2.3 left).
Figure 2.3: ANC installation (left); DSLT reactors (right).
DSLT tests on fibre-cement sheets and bitumen membrane were performed in
special conceived leaching reactors (Figure 2.3 right). These reactors were designed
during the current study. One leaching cell is built up from: (1) a bed and a cover
made of polypropylene; (2) a cylindrical body made of borosilicate glass; (3) one
supply and one evacuation valve; (4) 8 short lower and one long upper supports
for the samples. The technical scheme of the reactors is presented in Figure 2.4.
The diameter of the reactor is 30 cm and its load volume is 20L (80% from the
total volume). The reactors are compliant with magnetic stirrers and heaters up
to 200C. Due to the special system of supports, dynamic tests can be carried out
on heavy and dense materials, such as concrete slabs or on light floating materials,
such as wood boards. The reactors are built in accordance with the practical issues
presented in CEN/TS 351 robustness validation for dynamic surface leaching tests
on monolith samples in horizontal scenario. Moreover, a continuous recirculation
system can be attached (using the supply and evacuation valve and a pomp), in
order to perform CMLT leaching tests (Continuous Monolithic Leaching Test), e.g.
based on (ADEME, 2005).
The fibre-cement sheets and the bitumen membranes have been tested at CSTB,
Grenoble (France). The analytical analysis of the eluates has been performed by the
LaDrome Laboratories (France). Leaching from treated wood has been the subject
of the collaboration between the CSTB, Grenoble (France) and the BAM Institute,
Berlin (Germany). The leaching tests and the analytical background concerning this
product have been performed at BAM.
Eluates from the static and dynamic leaching tests carried out on the three
products were collected, filtered and analysed for inorganic and organic compounds.
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Figure 2.4: Scheme of the DSLT leaching reactor - front view (right); top view
(down); in service (left).
More details concerning the tests performed and the analytical methods used on
each studied product are given in chapter 3 (see §2 for CBA treated wood, §3 for
fibrecement sheets and 4 for bitumen membranes).
6 Pilot experiments
Pilot experiments have not been performed in the current work for time and
pecuniary reasons. Leaching tests in natural exposure conditions have been carried
out in a previous research project at CSTB Grenoble, and described extensively
in (Schiopu, 2007). The parameters defining the natural exposure conditions (i.e.
exposure between July 2005 and July 2006, with a total rainfall 800 mm/year) have
been used in the development of models which simulate the leaching behaviour of
the products over longer periods (e.g. 1 year) in real exposure scenarios.
The experimental results obtained in pilot tests have been used to validate the
models developed to simulate leaching in real exposure scenarios. More details on
the used methodology (i.e. development of models for simulation of the leaching
35
CHAPTER 2. MATERIALS AND METHODS
behaviour over 1 year in natural exposure conditions) are presented in chapter 4
§2.2.1.
7 Modelling principles
The methodological steps following the experimental works are dedicated to
the mathematical modelling and numerical simulation of the leaching mechanism
at laboratory and pilot scales.
At laboratory scale, the pH dependency test (ANC) is used to assess chemical
speciation issues of the product in contact with water. The results of the pH depen-
dence test are used in mechanistic geochemical speciation modelling to quantify
the chemical phases (minerals and sorptive phases) controlling the release. The dy-
namic leaching test (DSLT) allowed the characterisation of the diffusion processes
from the pores towards the surface of the product and the convection with the
leachate. As a result, coupled chemistry-transport mathematical model have been
developed, able to simulate numerically the leaching tests’ results.
A further step in the modelling approach is the evaluation of pollutant release
at long term exposure under natural conditions. For this task, the experimental
parameters characteristic of the pilot studies previously realised on treated wood
have been used together with a proper definition of a realistic leaching scenario.
The principles of modelling at pilot scale are detailed in chapter 4 §2.2.1.3.
In the current study the numerical implementation of the leaching models has
been realised using the free version of PHREEQC R© software (Parkhurst and Appelo,
1999). Its efficiency in solving similar types of applications has been tested and
confirmed in previous studies (Ettles et al., 2005; Halim et al., 2005; Tiruta-Barna,
2008).
The modelling principles and simulation protocol are explained in details for
each case study in chapter 3.
8 Including leaching data in LCA
This part of the study is based on the four steps of the LCA approach, which we
recall here: (i) goal and scope definition, (ii) inventory analysis (LCI), (iii) impact
assessment (LCIA) and (iv) interpretation.
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8.1 Goal and scope definition
The step of goal and scope definition largely deals with formulating the precise
questions to be answered, e.g. what is the exact function of the system and where
do its boundaries lie. This phase also involves setting some a priori restrictions.
For our specific case, i.e. buildings in contact with meteoric water, the aim is the
assessment of environmental impact of construction products or buildings. As for
the boundaries of the system, we focus only on the system product in contact with
rain water. This phenomenon corresponds to the use phase of a product or building.
8.2 Inventory analysis (LCI)
LCI focuses on outlining the structure and interdependency of the processes in
relation to the product function analysed. Quantification of emissions per process
finally leads to the overall emissions for the entire product system.
As mentioned in the first chapter, currently the emissions to water during the
use stage of the product (i.e. leaching data) are not (or not correctly) considered in
the inventory analysis. In order to do a proper LCA for building products which
come in contact with water, it is important to include in the calculus the leaching
data. Two methodological steps should be considered:
1. Identification of the emission scenario to be considered with LCA framework,
i.e. in which compartment the pollutants are directly emitted by the product
during its utilisation (emission scenarios);
2. Compilation of the leaching and material properties data aiming to evaluate
the pollutant quantities released in real exposure conditions (leaching data).
Different leaching/exposure scenarios for the construction products have been
defined (Schiopu, 2007), in function of the leaching mechanisms (type of water
contact) involved. They are listed here below:
1. Sloping plane corresponds to a slope higher than 15% and is characteristic
for pitched roof, generally roofing and covering products for which the main
water contact type is the runoff.
2. Horizontal plane corresponds to the same construction products as in (1) but
in a horizontal configuration, products for terrace (concrete, pavement bricks
and asphalt, wood, metal slabs, different granulates, etc.), products used in
public works like road (with different layers exposed directly or indirectly to
water infiltration). Rain water in contact with horizontal surfaces can either
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form stagnant layers, or runoff, or infiltrate and percolate the product if it is
porous.
3. Vertical corresponds to fas¸ade type products exposed to rain water (bricks,
concrete, wood, etc. with their surface treatments). Rain waters runoff and in
a certain degree infiltrate if the product is porous.
4. Contact with soil corresponds to foundations for all categories of civil works.
All contact types are possible: water runoff, stagnation, infiltration, percola-
tion.
5. A fifth category could be introduced corresponding to works completely
immersed in water like dikes, piles, basins, made generally of concrete based
products, granulates, wood, etc.
Leachates from the exposure scenarios ((1)-(5)) can follow certain routes towards
the environment:
1. Leachates going directly into the soil (beneath or surrounding the product)
as in scenarios (1) – (4), then spreading within the connected compartments
(water bodies, soils);
2. Leachates going directly into water bodies (groundwater, river, sea, ...) as in
scenario (5), then spreading within connected compartments;
3. Leachates going to water bodies after treatment in a sewer system: it is the
case of rain water collected in sewer systems, treated and then released (note
that the treatment systems are not actually dimensioned for specific pollutants
like biocides).
Once the emission scenario identified and the corresponding emissions evalu-
ated, the leaching data can be included in the LCI. The key point to be determined
is the pollutant emission dynamics from the construction, i.e. its concentration in
the leachate in function of time over the product life spread. As discussed in section
chapter 1 §3, it is important to include relevant leaching data in the inventory, i.e.
data characterising the leaching behaviour of the product over the whole RSL.
8.3 Impact assessment (LCIA)
The third phase in an LCA approach, impact assessment, aims at aggregating
and interpreting the results of the inventory analysis. For example, emissions of
acidifying substances are converted into one score for acidification. At this phase,
LCA takes into consideration the global and local scale issues (Flemstro¨m et al., 2004)
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by using standardised environments for given time periods and geographic scales,
applying generalised modelling tools and data bases. Therefore, the toxic/ecotoxic
effects’ assessment overlaps at local scale with Environmental Risk Assessment
(ERA) and obviously gives different results.
In order to do a proper LCIA, relevant impact categories need to be identified
and defined. The CML Handbook (Guine´e et al., 2002) provides an overview of
baseline impact categories and associated baseline characterisation methods, such
as: depletion of abiotic resources, impact of land use, climate change, stratospheric
ozonedepletion, human toxicity, ecotoxicity, acidification, eutrophication, etc.
Because pollutant substances leached from construction products get in contact
either with soil or directly with water (e.g. freshwater, groundwater, sea water
etc.), in this study we will focus on indicators characterising these compartments,
such as human- and eco-toxicity. These impact categories are also relevant with
regard to the harmful effect of the substances leached from construction products.
Well known models in this field are IMPACT 2002+ (Jolliet et al., 2003), USES-LCA
(Huijbregts et al., 2000), Eco-Indicator 99 (Goedkoop et al., 1998), CalTOX (McKone
et al., 2001), EDIP (Hauschild and Wenzel, 1998), USEtox (Rosenbaum et al., 2008).
These models attempt to estimate the damages to ecosystems of a defined chemical
in a defined amount. Such models are built up of:
- the fate model (for estimating the pathway of the chemical through the envi-
ronment);
- the exposure model (for estimating the exposure of target organisms to the
chemical) and
- the effect model (for estimating the dose-response characteristics).




ms × CFc,s (2.1)
where IRc is the indicator result for impact category c, CFc,s the characterisation
factor that connects intervention s with impact category c, and ms the size of
intervention s (i.e. the mass of substance s emitted).
This equation reflects some fundamental principles of characterisation:
(i) no space-time characteristics are provided
(ii) distinction between potential and actual impacts
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(iii) linearity of the effects (non-linearities contained in the dose-response curve
are excluded)
(iv) mass loading term expressed in kg (while fate models require the specification
of a mass flow rate expressed in kg/s).
Concerning the assessment of toxic substances, the ways the impact was cal-
culated has evolved during the years a historical overview of the tox/ecotox
approaches used in LCIA is presented by (Heijungs et al., 2004). Thus, the oldest
form of life cycle impact assessment for toxic substances is to lump the mass release





An improvement came with the so-called critical-volume approaches (Mekel





where TVi is the threshold value for substance i. The critical-volume method is
currently used for the determination of the “emissions to water” indicator in the
French EPDs (FDES - Fiches de De´claration Environnementale et Sanitaire), which
are included in the Inies database (Association HQE, 2009).
The incorporation of a fate model (pollutant spreading) and of an effect model
(pollutant effect on environmental targets) marks a revolution in LCIA (Guine´e and
Heijungs, 1993). Characterisation factors are now obtained by multiplying a fate
factor (FF) and an effect factor (EF) (Equation 2.4).
CFi,j,k = EFi,j × FFi,j,k (2.4)
Here, CFi,jk denotes the characterisation factor for substance i affecting target
ecosystem j, which was initially emitted to compartment k. Thus, substances
released to air may deposit to soil or water where they affect terrestrial or aquatic
ecosystems. More sophisticated models include the multimedia transport between
compartments.
The choice of one or other method for impact calculation is a matter of current
knowledge and also of compatibility with the current approach in the field of
construction products and building, as will be detailed in chapter 4.
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8.4 Interpretation
Finally, the interpretation of the LCIA provides an array of possibilities for
investigating the solidity and consequences of the results. This phase can include
uncertainty and sensitivity analyses, comparison of the results with previous results,
decomposition into contributing parts etc.
For the selected case studies we evaluated the impact of leaching process and
its weight in the total impact over the whole life cycle of the products. We also
compared the impact due to different horizontal leaching scenarios, i.e. stagnation
and run-off. The impact of leaching process was then analysed at building scale (for
details see chapter 4).
9 Conclusions
In this work a methodology is proposed for assessing the environmental im-
pacts of the construction products and buildings during the use stage. Leaching
phenomena are responsible for the emission of potentially hazardous substances
in the surrounding soils and water bodies. The proposed methodology is based
on an in deep investigation of the leaching process, based on leaching tests at labo-
ratory scale, modelling and simulation of leaching behaviour in natural exposure
conditions.
The selected leaching tests are proposed for a horizontal approach: an equi-
librium test (ANC) and a dynamic test (DSLT), both supplying a minimum of
information necessary to understand the material specific leaching behaviour.
The leaching data are used for the development of mechanistic models consider-
ing the main chemical and physical processes, the aim being a realistic evaluation
of the pollutant emission through the water contact.
The proposed evaluation method is in line with the general LCA methodology
and is based on coupling leaching models (long time leaching behaviour) with
toxicology tools. It should provide more realistic results than the current estimations
(when they exist) and can feed EPDs as well as more general LCI data bases.
The obtained inventory data is a total mass of pollutant emitted from a unit of
construction product (FU) during its use period. This data is further used in a LCA
approach as any other common LCI data, by applying characterisation factors from
appropriate LCIA methods. However, the knowledge of the leaching behaviour
(by experimental and modelling tools) allows in perspective a more complete and
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realistic evaluation. At the level of LCA, time dependent evaluations could then be
possible.
Three construction products have been selected for further testing: (i) a porous
cement based product, i.e. fibre-cement sheets, (ii) an organic porous product, i.e.
CBA treated wood and (iii) a non porous, organic product, i.e. bitumen membranes.
These products are further used in case studies for the proposed methodology, in
order to assess the environmental impact of construction products, considering the
leaching behaviour during the use phase of the product/building.
The following chapters present the twomain steps of the proposedmethodology:
- Chapter 3 studies the leaching behaviour of the three selected products. The
experimental investigations (static and dynamic leaching tests) are used to
develop a mechanistic model, in order to simulate the leaching behaviour of
the three different materials, i.e. porous/non porous, cimentitious/organic
matrix, at long term exposure under natural conditions.
- Chapter 4 describes the actual integration of leaching data with the LCA
methods, i.e. an inventory enriched with data regarding the emissions to
water and soil during the use phase of the product, and the eco- and human
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Dans ce chapitre il est pre´sente´ l’e´tude sur le comportement a` la lixiviation
de trois produits de construction. Les produits se´lectionne´s en fonction de la
repre´sentativite´ sur le marche´, la typologie de la matrice et le relargage des sub-
stances dangereuses (identifie´es a` l’aide des essais pre´liminaires) sont : le bois traite´
CBA (matrice poreuse organique, e´chantillon de Pinus sylvestris traite´ avec un pro-
duit de pre´servation a` base de cuivre bore - azole - amine), la plaque fibrociment
(matrice poreuses mine´rale non me´tallique, produit a` matrice cimentaire avec des
fibres cellulosiques) et la membrane bitumineuse (matrice non poreuse organique,
matrice bitumineuse avec une couche supe´rieure de gravier).
La me´thodologie pre´sente´e dans le chapitre pre´ce´dent a e´te´ applique´e. Des
essais de lixiviation a` l’e´chelle laboratoire ont e´te´ mene´s en vue de caracte´riser
les principaux me´canismes chimiques et le transport de masse responsable du
relargage des substances. Les essais de lixiviation (nomme´s ANC et DSLT, pre´sente´s
dans le chapitre 2) sont des outils pertinents pour une “approche horizontale” (i.e.
l’e´valuation du comportement a` la lixiviation des divers produits de construction
avec les meˆmes me´thodes) conforme´ment aux travaux du Comite´ Europe´en de
Normalisation CEN / TC 351 (Produits de construction - e´valuation de l’e´mission
des substances dangereuses re´glemente´es. WG1 relargage dans le sol et l’eau). Les
re´sultats de lixiviation sont ensuite utilise´s pour la construction du mode`le couple´
chimie-transport capable de repre´senter le comportement a` la lixiviation a` l’e´chelle
laboratoire, et capable d’eˆtre adapte´ aux conditions correspondant a` une e´chelle
plus large.
La premie`re section pre´sente une e´tude approfondie du bois traite´ CBA. Afin de
mieux identifier les me´canismes de relargage, des e´chantillons de bois non traite´
(avant traitement) ont e´te´ e´galement e´tudie´s. L’originalite´ de notre travail consiste
dans l’e´laboration d’une approche me´canistique et d’un mode`le nume´rique base´
sur les processus chimiques et physiques, ce qui est une nouveaute´ dans le domaine
du bois traite´.
Les principales conclusions de l’e´tude expe´rimentale peuvent eˆtre re´sume´es
comme suit :
- Les e´le´ments endoge`nes inorganiques tels que Ca et K et des ions comme le
sulfate et le phosphate sont e´mis a` partir du bois traite´ et non traite´ en contact
avec l’eau a` diffe´rents pH. Ils sont lie´s a` la phase solide ou solubilise´s dans
l’eau des pores et sont les principaux e´lectrolytes re´gissant la force ionique.
- Des compose´s organiques sont libe´re´s du bois non traite´. La quantite´ du
carbone organique total (COT) relargue´ ainsi que les substances contenant des
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groupes carboxyle et phe´nolique augmentent avec le pH. Ce constat s’explique
principalement par des re´actions d’hydrolyse sur les polyme`res du bois.
- La composition chimique du bois change pendant le stockage des e´chantillons
apre`s le traitement (pour la fixation des biocides). Cela affecte non seulement le
relargage des substances pendant le test ANC, mais y compris la disponibilite´
de sites de liaison pour les biocides dans la phase solide.
- Dans le cas de produits contenant du Cu et des amines, le traitement ne
consiste pas seulement en re´actions de liaison des complexes Cu-amines sur
la matrice du bois, mais aussi en modifications des composants du bois en
raison des re´actions directes avec les amines. Un certain nombre de compose´s
contenant de l’azote sont libe´re´s du bois traite´ CBA, probablement due a` un
exce`s d’amines et aux re´actions des amines avec les e´le´ments endoge`nes au
bois.
- Les e´missions de Cu sont relativement e´leve´es par rapport a` son contenu
initial (i.e. 30%). Cu est relie´ aux sites carboxyliques et phe´noliques et forme
des complexes solubles avec les composants extractibles. Le faible relarguage
au pH neutre (i.e. entre 7 et 8) s’explique par la distribution de Cu entre les
composants solides et les extractibles, ainsi que par les proprie´te´s acide/base
des sites de liaison.
- Le bore est relargue´ a` un niveau e´leve´ (i.e. 30% du contenu total). Meˆme
si certains phe´nome`nes de fixation sont possibles, leur efficacite´ est faible
(de´montre´ par la non-de´pendance du pH).
- Le te´buconazole est relargue´ en moindre pourcentage par rapport a` son
contenu initial dans les e´chantillons de bois (i.e. 17%). Sa fixation sur la struc-
ture du bois massif semble eˆtre influence´e par le pH, ce qui sugge`re des
liaisons hydroge`ne avec les groupes OH sur le bois.
Le mode`le couple´ chimie-transport conside`re les biocides et la chimie du bois
en fonction des connaissances actuelles (donne´es thermodynamiques) et de l’e´tude
expe´rimentale. Les re´sultats obtenus conduisent aux conclusions suivantes concer-
nant le comportement a` la lixiviation des biocides :
- Le cuivre est lie´ principalement par des me´canismes de complexation sur
les groupes phe´noliques et carboxyliques de la lignine et de l’he´micellulose,
meˆme en pre´sence de la monoe´thanolamine. Son relargage de´pend fortement
la nature chimique des produits d’extraction et de la valeur du pH. Le roˆle de
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la monoethanolamine est de fournir un pH d’environ 7.5 de l’eau des pores,
quand la solubilite´ du cuivre est la plus faible. Cependant, lors des essais
dynamiques, le pH dans l’eau des pores tend vers le pH natif et la fixation de
cuivre devient plus faible.
- Le bore interagit faiblement avec la cellulose et pre´sente un comportement
diffusionnel proche de celui d’un traceur.
- Le te´buconazole est fixe´ par des liaisons hydroge`ne aux polyme`res de bois et
son relargage augmente avec la valeur du pH.
La section 2 pre´sente l’e´tude expe´rimentale et la mode´lisation du comportement
a` la lixiviation de la plaque fibrociment. a` l’e´chelle du laboratoire, les essais de
lixiviation ont permis d’identifier les principaux me´canismes chimiques et de trans-
port. Ces donne´es ont ensuite e´te´ utilise´es pour le de´veloppement d’un mode`le
de transport de produits chimiques. Toutefois, le dispositif expe´rimental n’e´tait
pas suffisant pour e´lucider les me´canismes de fixation/mobilisation des compose´s
organiques spe´cifiques (biocides ou autres compose´s dangereux). La plaque fibro-
ciment pre´sente globalement un comportement a` la lixiviation de type ciment, en
ce qui concerne les espe`ces mine´rales. Des espe`ces potentiellement dangereuses
sont relargue´es en quantite´s importantes si on les compare a` la teneur totale, meˆme
si elles sont pre´sentes en trace. La simulation d’un sce´nario vrai grandeur per-
met d’e´valuer les effets des e´missions cumule´es sur de longues pe´riodes, puis
l’inte´gration des donne´es de lixiviation avec des me´thodes d’e´valuation environ-
nementale. Cette e´tude est la premie`re consacre´e a` des produits de construction a`
base de fibres-ciment.
Dans la section 3, le comportement a` la lixiviation d’une membrane bitumineuse
a e´te´ e´tudie´ partiellement. L’e´tude a e´te´ limite´e a` des travaux expe´rimentaux. A
cause de la structure non poreuse du bitume, nous n’avons pas e´te´ en mesure
d’obtenir des e´chantillons ade´quats pour l’essai statique de de´pendance du pH.
Cependant, le test ANC re´alise´ sur une petite quantite´ de mate´riau broye´ a montre´
un comportement inde´pendant de pH pour toutes les espe`ces organiques analyse´es.
L’e´quilibre a e´te´ atteint apre`s 7 jours (versus 2 jours pour les produits poreux),
ce qui s’explique par les processus de diffusion lente qui ont lieu a` partir du
cœur vers l’exte´rieur des e´chantillons, e´tant donne´ que le produit est non poreux.
Comme suppose´, la membrane bitumineuse relargue des faibles quantite´s d’espe`ces
inorganiques, e.g. de Al, Fe, Mg, Ca, Na. La source primaire peut eˆtre le gravier dans
la couche supe´rieure, utilise´e pour offrir une protection contre les UV. En ce qui
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concerne les substances organiques, meˆme si les essais pre´liminaire et l’ANC ont
permis d’identifier certains biocides organiques (MCPP, fenuron et le naphtale`ne),
ces espe`ces n’ont pas e´te´ trouve´es dans les e´luats de DSLT. Cela pourrait s’expliquer
par le ratio liquide-solide plus e´leve´ (de 2,5 a` 5 fois plus e´leve´ que dans le test ANC).
En effet, meˆme pendant les essais pre´liminaires les concentrations e´taient proches
de la limite de de´tection. Par conse´quent, la dilution les rend inde´tectable. D’autre
part, la concentration du carbone organique dissous (COD) a e´te´ mesure´e dans tous
les e´luats DSLT et des quantite´s le´ge`rement plus e´leve´es ont e´te´ observe´es lorsque
le rapport e´luat/produit e´tait plus e´leve´ pendant les deux DSLT, soit 10 cm3/cm2
en comparaison avec le 5 cm3/cm2. Plusieurs conclusions peuvent eˆtre souligne´es :
- Pour ce type de produit a` matrice non poreuse et hydrophobe, comme le
bitume, le parame`tre le plus important est la surface de contact avec l’eau. En
conse´quence, le ratio liquide/surface est un parame`tre important ;
- Ide´alement, un protocole d’essai spe´cifique a` ce type de matrice doit eˆtre
e´labore´, afin de permettre l’identification des principaux me´canismes de relar-
gage ;
- Ce travail de´montre qu’une proce´dure de lixiviation horizontale est diffici-
lement applicable pour tout produit de construction et que pour certains
produits les essais de lixiviation doivent eˆtre adapte´s en fonction du mate´riau,
de manie`re a` fournir des informations pertinentes.
Dans la dernie`re section de ce chapitre une question ope´rationnelle a` court terme
concernant les donne´es de lixiviation des produits de construction est pre´sente´e.
Une base de donne´es appele´e LixiBat a e´te´ de´veloppe´e, pour inte´grer diffe´rents
types de donne´es caracte´risant le comportement a` la lixiviation des produits de
construction, i.e. donne´es expe´rimentales (a` partir des essais a` l’e´chelle laboratoire,
pilote et vraie grandeur) et des donne´es de simulation (a` partir de la mode´lisation
nume´rique). LixiBat peut eˆtre utilise´ pour : (i) valider de nouveaux re´sultats
expe´rimentaux ou de simulation, ou (ii) pour inte´grer de donne´es sur le com-
portement a` la lixiviation de produits de construction dans les outils d’e´valuation
environnementale.
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1 Introduction
In this chapter the leaching behaviour of three construction products is studied
extensively. The chosen products are: CBA treated wood (organic porous), fibre-
cement sheets (mineral, non-metallic porous) and bitumen membranes (organic
non-porous).
The methodology presented in the previous chapter was applied. At laboratory
scale, leaching tests were used in view of the characterization of main chemical
mechanisms and mass transport responsible for the pollutant release. These leach-
ing tests (named ANC and DSLT, presented in chapter 2) are potentially relevant
tools for a “horizontal approach” (i.e. the assessment of the leaching behaviour of
various construction products with the same methods) as those envisioned by the
European Commission – CEN/TC 351 (CEN, 2012b) . The leaching results were
then used for the building of coupled chemical-transport model able to represent
the leaching behaviour at laboratory scale, and capable to adapt for up-scaled field
conditions.
The first two sections present an extensive study of CBA treated wood, which is
the main material investigated in this work. The originality of our work consists in
developing a mechanistic approach and a numerical model based on chemical and
physical processes, which is a novelty in the field of treated wood.
Sections 3 and 4 present the experimental and modelling study on fibre-cement
and bitumen membrane materials.
In the last section of this chapter, a practical issue concerning leaching data for
construction products is presented. A database called LixiBat has been developed
in the current study, for various types of data characterising the leaching behaviour
of construction products, i.e. experimental data (from lab, pilot and field scale
tests) and simulation data (from numerical modelling). LixiBat can be used for: (i)
validating new experimental or simulation results, or (ii) for integrating data on the
leaching behaviour of building products in the environmental assessment tools.
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2 Organic porous product: CBA-amine (Copper-Boron-
Azole) treated wood
2.1 A mechanistic interpretation
This section has been published in the Science of the Total Environment Journal,
with the following reference (cited in this manuscript as (Lupsea et al., 2013a)):
Lupsea, M., Mathies, H., Schoknecht, U., Tiruta-Barna, L., Schiopu, N., Biocide leaching
from CBA treated wood - a mechanistic interpretation, Science of the Total Environment,
444 (2013), 522-530.
2.1.1 Introduction
Pollutant release from construction products in contact with water is currently
a research subject receiving attention from the European regulation and standard-
isation authorities (CEN, 2005). Being an economical, durable and aesthetically
pleasing building material, treated wood is a frequent choice for construction
projects. However, we need to ensure that biocides used for the treatment do not
pose a threat to people or environment. Previous studies generally report high
leaching rates from treated wood, depending on the type of preservative, exposure
conditions and wood specimen (Lebow, 1996; Schoknecht et al., 2005; Ahn et al.,
2010; Schiopu and Tiruta-Barna, 2012).
Understanding the leaching process is crucial for the management of wood
products over their whole life cycle, especially during their use stage and end of
life (wastes), but also for developing new treatment methods and products. So
far, leaching from wood has been investigated for inorganic and a few selected
organic preservatives, and factors that influence their release have already been
summarised by several authors (Schoknecht et al., 2005). However, most of these
studies only report on results of experimental leaching tests, but do not investigate
the chemical mechanisms involved.
As discussed in a recent paper (Tiruta-Barna and Schiopu, 2011), a leaching
process implies complex chemical and physical phenomena: biocide interactions
with the solid wood structure (fixation), distribution between the solid and liquid
phase (mobilisation), and transport processes (mainly diffusion inside the wood
porous system). The fixation mechanism of copper on the wood structure has been
intensively studied (Jiang, 2000; Lee, 2011; Mettlemary, 2011). This is not the case for
other compounds, especially organic biocides, for which the fixation mechanisms
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have not been elucidated so far. Irrespective of the biocides, very few reaction
constants exist in literature allowing a quantitative estimation of the fixation level.
Also the mobilisation mechanisms are hardly investigated. What is the role of the
wood/water chemistry in terms of pH and extractives on the biocide leaching? No
studies have been reported on the composition of the organic matrix in eluates, and
no leaching mechanism that includes the role of these extractives has been proposed
so far.
The intention of this study was to investigate the leaching behaviour of treated
wood and to propose leaching mechanisms for inorganic and organic compounds.
The product studied here is sapwood of Pinus sylvestris treated with copper-boron-
azole (further called CBA), containing tebuconazole as organic biocide, and mo-
noethanolamine as major constituent. Copper is an essential micronutrient for most
living cells, but in larger doses it acts as an algicide, bactericide, fungicide, insec-
ticide, and moldicide (Freeman and McIntyre, 2008); boron is used as insecticide
and fungicide (Lebow, 1996); tebuconazole is a fungicide that is added to copper
containing wood preservatives to act against copper-tolerant fungi (Grundlinger
and Exner, 1990). These properties are hazardous when the biocides are controlees
released in surrounding environment.
Experiments based on the leaching procedure of the European standard XP
CEN/TS 14429 (“pH dependence leaching test” or “Acid Neutralisation Capac-
ity test” - further called “ANC”) (CEN, 2006) were performed to determine the
acid/base properties of samples from untreated and treated wood and investigate
the pH influence on the release of elements, ions and organic compounds. The ANC
test is in line with the Construction Products Regulation (EC, 2011). In order to
comply with the Basic Requirement BR 3 “Hygiene, health and the environment” of
the CPR, the European Commission mandated CEN/TC 351 to develop methods for
the assessment of the leaching behaviour of various construction products (based
on wood, concrete, etc.) with the same methods, i.e. horizontal approach (CEN,
2012a). Other leaching procedures were developed specifically for wood products
(e.g. CEN/TS 15119 (CEN, 2007)). Nevertheless, these specific methods are suitable
for some regulatory purposes but not for chemical modelling. The method applied
in our research was chosen because it is more suitable for a mechanistic model de-
velopment (equilibrium conditions are reached at different pH values and therefore
chemical mechanisms can be identified).
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2.1.2 Properties of biocides in treated wood – a review
Wood is a heterogeneous, hygroscopic, cellular and anisotropic material. It is
composed of cells, and the cell walls are composed of micro-fibrils of cellulose,
hemicellulose, lignin, other minor polysaccharides and a small fraction of extrac-
tives (Rowell, 2005). Treatment of wood causes a series of reactions between wood
components and constituents of the wood preservative, e.g. complexation, ion
exchange, adsorption, hydrolysis.
2.1.2.1 Fixation of biocides in wood
Complexes of copper, monoethanolamine and wood Copper fixation inwood
has been intensively investigated and several mechanisms have been suggested,
depending on the biocide formulation. It can be characterised as chemisorption
accompanied by physical precipitation.
Cu−Mea complex. In the treatment solution Mea coordinates with Cu to form
monovalent, divalent and neutral Cu−Mea complexes with different metal-ligand
stoichiometry (Jiang, 2000; Zhang and Kamdem, 2000; Lee, 2011; Mettlemary, 2011)
(see selected complexes in Figure B.1 in the appendix).
Cu−Wood complexes. Binding sites for Cu2+ are weak dissociating groups mainly
situated on lignin and hemicellulose, i.e. carboxyl and phenolic hydroxyl groups,
which dissociate according to the ambient pH. Complexation of Cu on wooden
materials was studied by several authors (Ravat et al., 2000; Guo et al., 2008) and
complexation constants have been calculated. The surface complexation model for
Cu−Wood is based on stoichiometric reactions between ligand site and metal ion
(ligand/Cu2+ = 1/1).
Cu−Mea−Wood complexes. Several fixation mechanisms of Cu−Mea complexes
have been proposed depending on pH conditions (see Equations 3.1 to 3.6–binding
sites of wood were symbolised by −COO– and −Ph−O– and Mea-H refers to de-
protonated Mea H2N−CH2−CH2−O
–). Equations 3.1 and 3.2 (see also Figure B.2
in the appendix) suggest ligand exchange reactions that dominate at pH above 10,
i.e. soluble neutral Cu−Mea complexes exchange one of the deprotonated ligands
(Mea-H) with wood (Thomason and Pasek, 1997; Craciun et al., 1997). Equations
3.3–3.6 present cation exchange reactions that occur at pH below 10. Monovalent
Cu−Mea complexes bind to one wood site, while divalent Cu−Mea complexes
require two sites for the bonding reaction (Lee, 2011) Complexes between Cu and
Mea are not formed at pH below 5 (Lee and Cooper, 2010).
52
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT






















2 (−COO−) + [Cu(Mea)(Mea)]2+ −→ [(−COO−)2(CuMea2)
2+]0 (3.5)
2 (−Ph−O−) + [Cu(Mea)(Mea)]2+ −→ [(−Ph−O−)2(CuMea2)
2+]0 (3.6)
The quantity of complexing sites of wood was determined in different studies
and the values were in the same order of magnitude: 0.1mmol/g wood (Balaban
and Uc¸ar, 2001), 0.75mmol/g of lignin (Guo et al., 2008) and 0.57mmol/g straw
lignin (Merdy et al., 2002), i.e. 0.1mmol/g to 0.2mmol/g of wood if the data are
related to wood. Regarding the structure of the formed complex, Lee (2011) found
that at pH near 9.5, Cu was adsorbed in wood up to the CEC level by the reaction
of [CuMea-H]
+ complexes.
Moreover, fixation of Cu in wood can be supported by the addition of car-
boxylic acids like 2-ethylhexanoic acid. Two effects are suggested in literature: (i)
2-etylhexanoic acid forms complexes with either wood components or Mea that
influence Cu fixation; (ii) 2-etylhexanoic acid decreases the pH of the treatment
solution and thus, favours the complexation of Cu on wood in more stable forms
(Humar et al., 2005).
Mea-Wood complexes. Not only Cu−Mea complexes react with active groups
on wood, but also the amine itself. Humar et al. (2003) found by FTIR (Fourier
Transformed InfraRed spectroscopy) that Mea can react with −COOH groups of
hemicellulose and C1, C3, and C4 positions of benzene rings in lignin. At low and
moderate pH values, ion exchange reaction is considered the most likely bonding
mechanism betweenMeaH+(HO−CH2−CH2−NH
+
3 ) ions and dissociated groups of
wood. A correlation of the ion exchange reaction of Mea with the CEC of wood was
observed. As the pH increases above the pKa value of protonated Mea (pKa = 9.5)
the concentration of neutral Mea increases. Under these conditions the ion exchange
reaction with acidic functional groups of wood decreases, whereas neutral Mea can
interact with lignin through the formation of hydrogen bonds between its hydroxyl
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group and hydroxyl and carbonyl groups present in the lignin (Spencer et al., 1985;
Rodrigues et al., 2001). However, sorption of Cu is dominant and is not competing
with Mea (Lee and Cooper, 2010).
Boron in wood Boron is introduced in wood as boric acid or borate. It is
considered to be only weakly bound to components of wood. Very few studies
exist on eventual bonding mechanisms. Obanda et al. (2008) affirm that B forms
organic complexes in which it is linked to active sites in wood components by
O-bridges. A reaction between the negatively charged hydroxocomplex B(OH)–4
and hydroxyl groups of polysaccharides with formation of a bidentate complex has
been proposed (Ramos et al., 2006). If proteins are present in the treatment solution,
B retention on cellulose but not on lignin is enhanced due to a triple interaction that
has not been fully elucidated resulting in boron hydroxycomplex-protein-cellulose
(Ratajczak and Mazela, 2007).
Tebuconazole in wood Binding of tebuconazole to wood components has
been very little investigated. However, several authors studied the complexation
between various azoles and transition metals, including Cu and tebuconazole
(Zhang and Wu, 2005; Dytrtova´ et al., 2011). A Cu : tebuconazole : acetate complex
with a ratio of 1 : 2 : 2 has been obtained in vitro (Evans and Schmalzl, 2007, 2008).
In such a structure, the Cu(II) atom is coordinated to the triazole groups of two
tebuconazole ligands and two acetate ligands.
To our knowledge, the formation of complexes of tebuconazole and Mea has
not been described yet. However, it has to be expected from the stability constants
of Cu−Mea complexes (Mettlemary, 2011) that Mea binds Cu and other metals
stronger than tebuconazole. It seems to be likely that wood treated with Mea-based
formulations predominantly contains free tebuconazole (Evans and Schmalzl, 2008).
2.1.2.2 Wood in contact with water When wood comes in contact with water
small molecules are solubilized. The so called “extractives” belong to several
classes: fats, fatty acids, fatty alcohols, phenols, terpenes, polyphenols, tannins,
lignans, steroids, resin acids, waxes (Sjo¨stro¨m, 1993). Acetic acid–originating from
acetylated hydroxyl groups of cellulose (Arni et al., 1965)–and formic acid are
degradation products of wood polymers. These carboxylic acids are mainly emitted
to the air (Balaban and Uc¸ar, 2003), but are also expected to occur in eluates of
wood. In alkaline solutions, a series of hydrolysis reactions take place on wood
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polymers resulting in the elimination of small molecules related to lignin monomers
(Evstigneev, 2010) or to hemicellulose (Xiao et al., 2001).
The role of extractives on the biocide leaching was neglected so far, while it is
evidence that these molecules can interfere with the solid matrix and with biocides
by at least two main properties: acid/base reactions (pH regulation) and binding
by different mechanisms (complexation, precipitation). Interactions with Cu have
been investigated for several types of native organic substances. Interactions of
Cu with polyflavonoids (Teixeira et al., 2005), vanillin (Ruddick et al., 2001) and
other natural molecules containing acidic groups were described (Teresa et al.,
1997). Mixed complexes of Cu with different ligands can also be formed, for
example with both Mea and an extractive compound. Studying the reactions of
taxifolin and chrysin with the Cu−Mea complex, Jiang (2000) found in both cases a
green extensive precipitation, suggesting that hydroxyl and ketone groups of the
extractives are the major sites for Cu chelation–one mole of Cu is coordinated to
two moles of amine in the Cu−Mea−taxifolin or Cu−Mea−chrysin complexes.
No stable complexes with extractives have been suggested for B and tebucona-
zole.
2.1.3 Materials and methods
2.1.3.1 Wood samples and treatment Two types of Pinus sylvestris samples were
used in the leaching tests: wood that was cut off 9 years ago (later called “con-
ditioned”) and shavings collected from different trees in carpentry (“fresh”). A
description of the samples is given in Table 3.1.
Table 3.1: Codification of samples of untreated and treated
wood.
Sample code Description Treatmenta
UF Up to 1 year old shavingsb Without
UA Cut off 9 years agoc Without
BF Up to 1 year old shavingsb 16 kg/m3
BA Cut off 9 years agoc 16 kg/m3
a Amine based preservative CBA
b Shavings from Pinus sylvestris collected at BAM’s carpentry
c Trees (Pinus sylvestris) were cut off 9years ago and conditioned at
20± 2 ◦C and 65± 5% relative humidity (cf. EN 113)
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A wood preservative consisting of copper carbonate (22.5%, i.e. 12.9% Cu), boric
acid (4.9%, i.e. 0.65% B) and tebuconazole (0.53%) was used to treat both types
of wood (“conditioned” and “fresh”). In addition, the preservative contained a
mixture of amines with Mea as the main component and carboxylic acids. In
the following, the preservative will be called CBA. BA-samples were obtained
by treating monolithic (15mm× 25mm× 50mm) test specimens (UA) by vacuum
pressure impregnation with a 2.1% solution of the concentrated preservative in
water (described in (EN 113, 1996)). The final concentration in wood samples
(assuming that the treatment solution has been homogenously adsorbed) was
16 kg/m3 CBA, i.e. 2 kg/m3 copper, 0.1 kg/m3 boron and 0.085 kg/m3 tebuconazole.
After the treatment, the test specimens were kept for 4 weeks at 20±2◦C and 65±5%
relative humidity to allow evaporation of water and reactions of the preservative
with wood (fixation). BF-samples were obtained by treating shavings (UF) with
a 2.1% solution of CBA in a mixture of acetone and water (16 kg/m3 CBA). After
immersion in the treatment solution, the shavings were conditioned for two weeks
at room conditions, until they reached a constant mass.
2.1.3.2 Leaching tests The Acid Neutralisation Capacity (ANC) test was based
on the method described in XP CEN/TS 14429 (CEN, 2006). Crushed material (≤
1mm) was brought in contact with NaOH and HCl solutions of different concen-
trations, forcing the pH of the eluate to vary between 4 and 12. In these tests we
replaced HNO3 solutions, as advised in the standard, with HCl solutions, because
of the strong oxidation character of HNO3. The liquid to solid ratio was 10L/kg
and the solutions were stirred for 48 hours, until the final pH of the eluate was
stabilised. Filtered eluates (595 1/2S& S folded filter) were prepared for different
analytical methods in order to identify or quantify cations, anions and organic
substances.
2.1.3.3 Analytical methods Substances of interest were chosen in accordance
with former studies and after an inorganic and organic screening of the eluates. An
analytical approach was developed in order to identify substances released from
CBA treated wood. Therefore we divided the eluates from ANC tests into two parts:
1. Eluate samples were directly used to determine TOC (total organic carbon),






4 ), total phenols and acid number;
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2. Eluate samples that were lyophilised to quantify tebuconazole, carbon and
nitrogen, and identify Mea, functional groups and a series of organic extrac-
tives.
An overview on themethods used to analyse eluates fromANC tests is presented
in Figure 3.1. The limits of quantification for all quantitative determinations are
presented in Table B.1 in the appendix.
Figure 3.1: Strategy for the analysis of eluates fromANC tests and target parameters.
Analysis of liquid eluates TOC was measured cf. DIN EN ISO 1484 standard,
elemental analysis was performed by ICP-OES (Optical Emission Spectrometry) cf.
DIN EN ISO 11885 standard and anions were quantified by IC (Ion Chromatogra-
phy) cf. DIN EN ISO 10304-4 standard.
Formic and acetic acid were identified and quantified in eluates by UHPLC
(Ultra High Performance Liquid Chromatography).
Total concentration of carboxyl groups was estimated by titration with a 0.1M
NaOH solution in presence of phenolphthalein. Alkaline eluates were first neu-
tralised with 0.1M HCl in order to protonate all carboxyl groups. Since concen-
trations of inorganic acids were negligible compared to the total amount of acid
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groups, the acid groups determined with this test were considered as carboxyl
groups.
A photometric method was used to quantify the total content of phenols, namely
the modified Prussian Blue Assay for Total Phenols (Hagerman, 2002). In presence
of FeCl3 and K3Fe(CN)6, the colour of the ANC eluates turned to different shades
of green to blue. The total concentration of phenolic groups was calculated from
the measured absorbance at 700nm. The method was calibrated with pyrogallol.
Analyse of lyophilised eluates After filtration, ANC eluates with alkaline
pH were first neutralised with a 0.1M HCl solution. Then the acid, neutral and
neutralised (former alkaline) samples were lyophilised to remove water in order
to be able to identify functional organic groups (−COOH, −OH, R−N, −NO, etc.)
in the solid samples by FTIR. Parts of the lyophilised samples were extracted
by acetone and analysed by GC-MS (Gas Chromatography coupled with Mass
Spectrometry) and TLC (Thin Layer Chromatography). An elemental analysis for
carbon and nitrogen was also performed using a Macro-Elementary Analyser.
2.1.4 Results
ANC tests deliver two types of results: (i) amount of H+ moles added per L
solution, as a function of final pH of the eluate and (ii) variation with pH of the
concentration of target substances in the eluates. Such curves were obtained for
both untreated and treated wood, “conditioned” and “fresh”, as seen in Figure 3.2.
Concentrations obtained in mg/L were converted to mol/L.
The graph at top-left of Figure 3.2 is a titration-like curve; it represents the pH of
the system as a function of the acid or base added. The added acid is expressed as
mol H+/L of eluate, while the base added was represented as negative mol H+/L.
The point of zero acid and base addition is called the “native pH” of the wood
eluates. The native pH was between 4 and 5 for untreated wood, and between 7
and 8 for the treated wood.
Copper, boron and tebuconazole were only found in eluates from treated wood.
The concentration of Cu and B in eluates from “conditioned” and “fresh” samples
have similar curve shapes and values. While the B concentration was almost
constant, the Cu concentrations varied up to one order of magnitude over the pH
range, with a minimum at neutral pH. At native pH (7.5) the emissions were smaller
than in acid or alkaline eluates. Tebuconazole concentrations in eluates increased
58
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT
Figure 3.2: pH of eluates depending on acid or base addition and pH dependency
of leaching of different substances in ANC tests.
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with pH. About 30% of the initial content of Cu and B, and up to 17% of the initial
content of tebuconazole were eluted under the ANC test conditions.
Concentrations of total organic carbon, carboxylic acids and phenols increased
with pH. The concentrations were higher in eluates from untreated “fresh” com-
pared to “conditioned” wood. All eluates contained less phenolic than carboxyl
groups. The release of acetic acid from untreated samples increased with pH, al-
most 1000 times higher at alkaline pH compared to acid conditions. Formic acid
was mainly detected in eluates from treated wood. Its concentrations in eluates
were only slightly higher under alkaline conditions than under native and acid
conditions.
The concentration of potassium was almost constant with pH. Calcium exhib-
ited a minimum of solubilisation at neutral pH for untreated samples and was
hardly detectable in part of the eluates from treated wood (and therefore not pre-
sented for BF-samples). Sulphate and phosphate were also present at relatively low
concentrations that were similar for the different pH conditions.
The concentrations of the other metals (Cr, Zn) and anions (Cl–, Br–, NO–2, NO
–
3)
were very low and the data were not further considered.
Figure 3.3: Concentration of carboxyl groups from carboxylic acids identified and
quantified by UHPLC “−COOHid” compared to the concentration of unidentified
carboxyl groups “−COOHuid” in eluates from treated (BF, filled icons) and untreated
(UF, empty icons) samples of “fresh” wood.
Figure 3.3 illustrates the pH dependent elution of formic and acetic acid (calcu-
lated sum of −COOH groups) compared to the amount of unidentified carboxyl
groups (difference between the total amount of −COOH groups determined by
titration and the sum of −COOH groups corresponding to formic and acetic acid).
Carboxyl groups from formic and acetic acid represent only a fraction of the total
amount of carboxyl groups in eluates.
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Carbon and nitrogen were quantified in lyophilised eluates of untreated and
treated samples. Figure 3.4 summarises data for the pH dependency of the global
parameters TOC in liquid eluates, and elemental carbon and nitrogen in lyophilised
eluates. At neutral pH the concentration of TOC in eluates is almost equal to the
concentration of carbon from the solid residues of eluates. Slightly lower carbon
concentrations compared to TOC concentrations in some lyophilised samples with
acid and alkaline pH can be explained by the volatilisation of small molecules (such
as acetic acid) during the lyophilisation process. However, for both measurements
the concentration of organic carbon increases from acid to alkaline conditions. TOC
concentrations were higher in eluates from treated than from untreated wood at
pH between 4 and 7, but this difference vanishes with increasing pH. The nitrogen
content in eluates from treated wood was up to 15 times higher than in eluates from
the untreated samples.
Figure 3.4: pH of eluates depending on acid or base addition and pH dependency
of leaching of different substances in ANC tests.
Data from the element analysis (C, N) for the lyophilised eluates, titration of
acid groups and photometric assay of phenolic groups in eluates are presented in
Table 3.2 as empiric stoichiometric formulae for the organic matter released from
the different wood samples. At equivalent carbon content, untreated wood released
higher amounts of phenolic groups under acidic compared to alkaline conditions,
whereas the release of nitrogen and carboxyl groups did not show clear pH de-
pendency. Treated wood releases about ten times more nitrogen than untreated
wood, but less carboxyl and phenolic groups. The amount of released nitrogen
decreased, whereas the amount of phenolic and carboxyl groups increased with
the pH of eluates. Cuid represents TOC in eluates minus carbon from tebuconazole
and the quantified carboxylic acids (formic and acetic acid). −COOHuid represents
carboxyl groups determined by titration minus carboxyl groups from quantified
carboxylic acids (formic and acetic acid). For example, in the case of treated wood,
at alkaline pH (8.72), the empiric formula for the organic matrix of the eluate is
C : N : (−OH) : (−COOH) = 100 : 5 · 91 : 2 · 36 : 4 · 26 .
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Table 3.2: Empiric stoichiometric formula for the organic matter found in lyophilised
eluates from untreated and treated wood at different pH values.
pH Cuid N −OH −COOHuid
UF untreated “fresh” wood
4.43 100 0.84 8.40 2.52
6.34 100 0.54 5.41 10.81
7.65 100 0.80 4.00 9.20
8.37 100 0.90 4.50 12.16
8.61 100 0.74 3.70 12.59
BF treated “fresh” wood
4.73 100 13.29 1.45 –
6.70 100 9.00 2.00 –
7.46 100 8.40 2.20 0.00
8.72 100 5.91 2.36 4.26
9.22 100 6.06 2.75 6.06
9.54 100 6.25 2.98 9.82
The presence of Mea in eluates from treated wood was confirmed by TLC.
FTIR spectra were measured for lyophilised eluates that were obtained from ANC
experiments at native pH. Spectra for untreated and treated “fresh” wood are shown
in Figure 3.5 as an example. Usually, samples from untreated wood exhibit higher
absorption bands at wavelength of about 3300 cm−1 (−OH). Differences between
untreated and treated samples were mainly observed in the ranges of 1560 cm−1
to 1730 cm−1 (−C−O and −COO) and 1070 cm−1 to 1460 cm−1 (R−NH2, R−NH
–R),
Signals for amines are higher in the samples from treated wood. Characteristic
absorption bands are summarized in Table B.3 in the appendix.
Qualitative GC-MS analysis indicated that the composition of acetone extracts
from lyophilised eluates depends on the origin of the samples, but also on the pH
during the ANC tests. A series of substances containing various functional groups
and structures (hydroxyl, keto and carboxyl groups, esters, ethers, and cyclohexane,
benzene and benzofuran rings) were identified both in samples from untreated and
treated wood. Many of them can be considered as degradation products of lignin,
like vanillin and coniferyl alcohol. Samples of untreated and treated wood also
contain C6−C9 carboxylic acids and the terpene derivative terpin hydrate. However,
there are also substances that were identified either in untreated or in treated wood,
in some cases also depending on the pH during the ANC test. Only eluates from
treated wood contained 2-ethylhexanoic acid (included in the wood preservative).
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Figure 3.5: FTIR spectra from lyophilised eluates from untreated (UF) and treated
“fresh” wood (BF).
In addition, a series of substances with different types of nitrogen bonds, like
amines, amides, heterocyclic rings (pyrrol, piperidine, imidazole, isoindol) were
only identified in samples from treated wood. A list of identified substances is
given in Table B.2 in the appendix.
2.1.5 Discussion
During the ANC test, samples from “conditioned” wood respond more sen-
sitively to the addition of NaOH than the “fresh” shavings (Figure 3.2), i.e. the
buffering capacity is higher for “fresh” than for “conditioned” samples of Pinus
sylvestris. The difference of about 3 pH units between the native pH of untreated
and treated wood can be explained by modification of the reactivity of wood due
to the preservative treatment. The pKa values of carboxyl groups of hemicellulose
and lignin in wood range between 3 and 5. This pKa value interval is also common
for soluble carboxylic acids. So, at native pH of untreated wood (pH=4.5), both
dissociated and undissociated carboxyl groups occur with similar amounts. At pH
above 5, most of the carboxyl groups of hemicellulose and pectins are dissociated
and capable of complexing with Cu. At pH above 8, the phenolic groups of lignin
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are significantly dissociated and are essentially completely dissociated at pH above
10.5 (Cooper, 1991).
Addition of acid to wood samples causes protonation of carboxyl groups and
compensates the neutralisation effect of the preservative components in treated
wood. Addition of 0.016mol H+/L (or 0.16mmol/g wood) to samples of treated
wood, caused a drop in pH from 7.6 to 4.5 (4.5 is in the range of the native pH of
eluates from untreated wood). This means that the majority of complexing sites (i.e.
0.1mmol/g to 0.2mmol/g) was occupied by components of the wood preservative
(Mea, Cu, Cu−Mea−). The same reasoning also applies for the binding sites of
extractives (carboxylic and phenolic groups) from treated samples. Acid addition
also neutralises the excess of Mea and other derived amino-compounds in liquid
phase.
Addition of base has the same effect on untreated and treated wood, i.e. depro-
tonation of carboxyl and phenolic groups. Excess of OH– supports hydrolysis of
polymers within wood and therefore an increase of soluble decomposition products.
Solubilisation mechanism is also plausible at high pH, especially for heavy acids
(e.g. resin, octanoic acid, etc.) present in the wood structure. A confirmation of
the hydrolysis mechanism is the identification in eluates of compounds akin to
the coniferyl alcohol/guaiacyl monomer unit of soft wood lignin. An increased
release under alkaline conditions was observed for several parameters related to
organic substances that originate from wood, i.e. TOC, carboxyl and phenolic
groups and acetic acid. The amounts of TOC and acetic acid released from “fresh”
and “conditioned” wood did not differ considerably, whereas the concentrations
of phenolic and carboxyl groups were higher in eluates from “fresh” compared to
“conditioned” wood (Figure 3.2). This supports the assumption that the reactivity
of wood changes with the duration of storage due to release of substances, but also
due to chemical reactions within wood, favouring precipitation.
As the pH of the CBA treatment solution was 9.63, which favours neutral and
monovalent Cu-Mea complexes’ formation, it can be assumed that complexation
reactions with monovalent Cu-amine dominate (see Figure B.2 in the appendix).
The content of Cu added by the treatment solution was estimated to be about
0.06mmol/g wood. This is lower than the reported quantity of binding sites in
wood of 0.1mmol/g to 0.2mmol/g wood (see chapter 3, §2.1.2.1). So there are
sufficient binding sites to bind the whole amount of Cu according to the described
reactions. The quantity of Mea added with the CBA solution was estimated to be
0.24mmol/g wood. This quantity could be distributed as follows: 0.06mmol/g
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wood linked in Cu−Mea−Wood, 0.18mmol/g wood bound to remaining binding
sites by mechanisms cited in §2.1.2 (up to the maximum site capacity) and trans-
formed by reactions with wood extractives. However, it has to be expected that an
excess of free amine either evaporates or is still available in the pores’ liquid – as
shown by detection of Mea by TLC and high concentrations of nitrogen in eluates
from treated wood (Figure 3.4).
Differences in organic substances in eluates were observed between untreated
and treated wood. Higher TOC concentrations in eluates from treated wood are
probably caused by organic substances originating from wood that became ex-
tractable after treatment with the CBA solution (see calculation in Table B.4 in the
appendix). This observation can be explained by hydrolysis of wood components
caused by the alkaline pH of the CBA solution and demonstrates that treatment
irreversibly modifies the reactivity of wood. Another source of organic carbon is
the presence of constituents of the preservative solution, i.e. Mea. The empirical
formula in Table 3.2 shows that Mea cannot be the major organic compound in
eluates.
Results for the determination of total carbon are similar for the TOC analysis
in eluates and element analysis for lyophilised samples. Somewhat lower values
for a few lyophilised samples can be caused by losses during the evaporation
procedure. That means that element analysis confirms the results obtained from
TOC quantification. In addition, element analysis shows that the amount of nitrogen
is very low in eluates from untreated wood, and considerably higher in eluates
from treated wood.
Carboxyl groups originate from wood, but partly also from the wood preserva-
tive, like 2-ethylhexanoic acid which was included in the CBA solution andwas only
identified in eluates from treated wood. However, the quantity of 2-ethylhexanoic
acid added with the CBA solution was about 0 · 007mmol/g wood, which, if totally
released during ANC experiments, represents only a very small part of the total
amount of carboxyl groups in eluates.
Phenolic groups, acetic and formic acid can only originate from wood since they
are not included in the wood preservative. Acetic acid represents a considerable
part of extractable substances containing carboxyl groups. The pH-dependency of
the elution of acetic acid from untreated wood is similar to that of the total amount
of substances with carboxylic acids, whereas formic acid was only found in the
sample with low pH (Figure 3.2). Data on acetic acid support the assumption that
hydrolysis is generally increased under alkaline conditions. Compared to untreated
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wood, acetic acid was released in considerably higher amounts from treated wood
under neutral and acid conditions.
About 1 to 10% of the original amount of tebuconazole is released during the
ANC test, whereas the release is about 10 times higher at alkaline compared
to acid pH (Figure 3.2). The water solubility of tebuconazole is relatively low,
i.e. about 36mg/L (at pH 5-9, 20 ◦C) (FAO, 2004), which is equivalent to about
1.2× 10−4mol/L. The concentrations observed in eluates indicate that water solu-
bility was not limiting for the tebuconazole release. The pH dependency suggests
binding to wood via hydrogen bonds, since deprotonation under alkaline condi-
tions limits the availability of hydrogen binding sites. Release of tebuconazole may
also be explained by molecular associations and co-elution with extractives that
show similar pH-dependency. Another possible interaction can be the formation
of soluble complexes with Cu, e.g. a Cu-tebuconazole-acetate complex (see §2.1.2).
However, the large differences in concentrations of Cu and tebuconazole, different
pH-dependency and missing data on the stability of such complexes do not allow
conclusions on the occurrence and stoichiometry of such complexes.
Potassium, calcium, sulphate and phosphate were quantified at relevant con-
centrations in the ANC leachates (Figure 3.2). All these components originate from
natural wood. Interestingly, calcium was hardly detected in leachates from treated
wood. It is assumed that calcium reacts with carbonate from CuCO3 in the preser-
vative solution and forms insoluble calcium carbonate but this hypothesis must be
verified.
The concentrations of B did not show pH dependency and were higher in eluates
from “conditioned” samples. It can be assumed that this is caused by chemical
reactions within wood that cause a decrease of sites in wood polymers that weakly
bind B (see §2.1.2) during storage of wood. However, this assumption cannot be
supported by further data obtained during this study.
Cu is released to about 10% of its initial content, with a minimum under neutral
conditions. Leaching of Cu from treated wood is determined by its competitive
distribution between solid wood matrix and extractives andMea in the liquid phase.
The equilibrium of this distribution depends on the availability of binding sites and
on the pH. An increase of pH causes hydrolysis of wood components and therefore
an increase of extractives that support binding sites in the liquid phase. Binding
of Cu decreases when less deprotonated binding sites are available–under acid
conditions.
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Cu oxide can also precipitate on wood components. However, the water solu-
bility of these oxides is too low to contribute considerably to the Cu detected in
leachates from the ANC test. It was also observed that higher amounts of Cu are
released from “fresh” compared to “conditioned” wood, which can be explained by
higher amounts of binding sites of extractives observed in leachates from “fresh”
wood.
The amount of nitrogen extracted under acid conditions was higher compared to
neutral and alkaline conditions. This can be caused by a decrease of deprotonated
binding sites (−COO–, −Ph−O–) for protonated Mea (MeaH+) and monovalent
Cu−Mea complexes.
The FTIR spectra represent the sum of functional groups in these complex mix-
tures. The spectra of eluates from untreated and treated wood at native pH indicate
that the ANC eluates are complex mixtures of substances containing a variety of dif-
ferent substance classes (e.g. hydrocarbons, esters, alcohols, polysaccharides), and
that eluates from untreated wood contain higher amounts of substances with ester
bonds, whereas eluates from treated wood contain higher amounts of substances
containing primary and secondary amino groups.
Information obtained by GC-MS analysis of acetone extracts of lyophilised
eluates is restricted to substances that are eluted during the ANC test, resist the
lyophilisation procedure and can be extracted by acetone. Many of the identi-
fied substances are related to the decomposition of wood polymers (e.g. vanillin,
coniferyl alcohol). GC-MS analysis confirmed that the lyophilised eluates contain
complex mixtures of substances that contain a series of functional groups as also ob-
served by FTIR analysis. Differences in the composition of samples from untreated
and treated wood are obvious. A series of substances that include nitrogen groups
were only identified in samples from treated wood. That means that Mea does not
only form complexes with Cu and wood, but also reacts with wood components
forming nitrogen containing extractable substances.
2.1.6 Conclusions
Leaching from CBA treated wood was investigated with the aim to identify
chemical mechanisms of fixation and mobilisation of biocides based on a pH depen-
dency leaching test (ANC test) that has been already widely applied for waste and
concrete construction materials. Despite the fact that it is an aggressive test (test
conditions are unlikely to occur under service conditions), ANC results, in combina-
tion with a suitable set of analytical methods, provide manifold information about
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the studied system and chemical reactions that occur in this system, information
which is indispensable for the interpretation of leaching processes. However, in the
case of CBA treated wood it proved to be difficult to describe the entire composition
of the eluates without investing great effort for molecule identification and set up
of methods for quantification.
The main conclusions from this study can be summarised as follows:
– Inorganic endogenous elements like Ca and K, and ions like sulphate and
phosphate are released from untreated and treated wood in contact with water
at different pH. They are linked to the solid phase (e.g. Ca in treated wood)
or solubilised in wood pore water (e.g. K) and are the main electrolytes that
regulate the ionic strength.
– Organic compounds are released from natural wood. The quantity of released
TOC as well as substances with carboxyl and phenolic groups increases with
pH. This observation is mainly explained by hydrolysis reactions on wood
polymers.
– The chemical composition of wood changes during storage, at least for sap-
wood from Pinus sylvestris. This affects not only binding and release of sub-
stances in the ANC test, but also the amount and composition of extractives,
including the availability of binding sites in the solid as well as the liquid
phase.
– Wood is modified by the treatment with preservatives. In the case of products
containing Cu and amines, this does not only involve binding reactions of
Cu−amine complexes, but also modifications of wood components due to
reactions with amines. A number of compounds containing nitrogen are
released from wood treated with a CBA solution, probably due to an excess of
amines and reactions of amines with wood components. It can be expected
that these reactions depend on the identity of the amines, the ratio between
Cu and amines and the pH conditions in the preservative solution and in
wood.
– Cu release is relatively high with respect to its initial content. Cu is bound
on carboxyl and phenolic sites and forms soluble complexes with extractives.
The balance between binding to solid and extractable components, as well
as the acid/base properties of the binding sites, result in the lower release at
neutral pH.
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– B is released at a high level. Even if some fixation phenomena are possible,
their effectiveness is weak (demonstrated by the non-dependency on pH) and
cannot effectively hinder the leaching.
– Tebuconazole is released in lesser extent if compared to its initial content in
wood samples. Its fixation on solid wood structure seems to be influenced by
pH, suggesting hydrogen bond interactions with OH groups on wood.
This work is preliminary to a modelling approach, aiming at a semi-quantitative
description of the leaching process in ANC test. The modelling of chemical pro-
cesses identified in ANC test is a key step for the development of a coupled chemical–
transport model for leaching of treated wood, and constitute a future work.
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2.2 Modelling inorganic and organic biocide leaching
This section has been published in the Science of the Total Environment Journal,
with the following reference (cited in this manuscript as (Lupsea et al., 2013b)):
Lupsea, M., Tiruta-Barna, L., Schiopu, N., Schoknecht, U., Modelling inorganic and
organic biocide leaching from CBA-amine treated wood, Science of the Total Environment,
accepted.
2.2.1 Introduction and approach
Treated wood is a common construction product in building projects. Despite its
characteristics: economical, sustainable and aesthetically pleasing building material,
we need to ensure that the chemical compounds (inorganic and organic, endogenous
and biocides) released during its contact with water (through leaching phenomena)
do not pose a threat to people or environment.
The most pertinent and less expensive method for estimating the pollutants’
release from treated wood is by numerical simulation of the leaching behaviour of
the product. Very few studies have been carried out so far in this direction. Waldron
and Cooper (2010) applied generic 1st order reaction kinetics in order to explain the
time dependency of biocide release, but no chemical properties and reactions were
considered. Schoknecht et al. (2005) modelled the metal release from treated wood
in standard leaching tests, however, without considering the biocide fixation or
other wood properties (acid/base behaviour, complexation and hydrolysis of wood
fibres). A geochemical model was developed by Postma et al. (2009), considering
partitioning between particulate and dissolved organic matter taking the fraction
of reactive organic matter into account. In this work the wood properties and
reactivity were not considered per se but rather represented by a generic natural
organic matter with generic properties. Using the semi-empirical adsorptionmodels
on generic organic matter (humic/fulvic models) could not explain the intimate
mechanism governing the interactions of biocides (metals and organics) with the
distinct wood components. An alternative chemical model was developed by
Tiruta-Barna and Schiopu (2011), which describes the leaching behaviour of several
inorganic biocides in wood. In their model the authors considered the fixation
on wood components and interaction with extractives (native wood compounds
released in contact with water), albeit the nature of the organic soluble matrix was
not investigated but rather regarded as total Dissolved Organic Carbon (DOC).
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The aim of this study is to develop a quantitative chemical-transport model able
to simulate the leaching of biocides from CBA-amine treated wood, as experimen-
tally observed in laboratory leaching tests. The product studied here consisted in
Pinus sylvestris treated with a commercial preservative based on amine- Copper-
Boron-Azole (further called “CBA”), with tebuconazole as main organic biocide.
CBA treatment is a water borne, organometallic pressure treatment, widely used
in the wood products’ industry nowadays. The current study describes a reliable
modelling approach for assessing the biocides’ release at laboratory scale, bring-
ing together the experimental observations of the leaching behaviour (obtained
in laboratory leaching tests, i.e. controlled leaching conditions) and fundamental
knowledge about the wood/biocide chemistry. Compared to previous modelling
attempts, the originality of the presented model consists in taking into consideration
the fixation mechanisms for inorganic and organic biocides on the wood structure,
their interactions with wood extractives and the transport mechanisms. The mod-
elling of wood leaching behaviour in natural exposure conditions is beyond the
scope of this work; it represents a further step, currently in work in the authors’
team.
The development of the coupled chemical-transport model is based on a method-
ology combining:
1. Experimental investigation of the leaching behaviour of treated wood by
using laboratory characterization leaching tests associated with a panel of
analytical methods (as discussed in a previous paper Lupsea et al. (2013a)).
Current available information was also used concerning the chemistry of
natural materials.
2. Chemical model of biocides’ interactionwith the wood’s solid structure (lignin,
hemicellulose, cellulose) and with the liquid matrix (wood extractives).
3. Transport model describing mass transport in porous structure, in leachate
and mass transfer between these compartments.
2.2.2 Materials and methods
2.2.2.1 Experimental data used for the model development The model devel-
opment is based on experimental observations and data obtained at laboratory scale,
by characterisation leaching tests performed on treated wood. This work previously
performed is presented in Lupsea et al. (2012a, 2013a). The main principles of the
experimental work are resumed hereafter; more details are given in appendix C.
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Treated samples of Pinus sylvestris sapwood were obtained by vacuum pressure
impregnation EN 113 (1996) of 15mm× 25mm× 50mm pieces, with a commercial
wood preservative, consisting of copper carbonate (22.5%), boric acid (4.9%), and
tebuconazole (0.53%). In addition, the preservative contained a mixture of amines
with monoethanolamine (hereafter noted “MeaH”) as main component and car-
boxylic acids. The final concentration in the wood samples was determined by
mass balance calculations: 16 kg/m3 CBA, i.e. 2 kg/m3 copper, 0.1 kg/m3 boron
and 0.085 kg/m3 tebuconazole. After treatment, test specimens were conditioned
for 4weeks at 20± 2◦C and 65± 5% relative humidity to allow evaporation of water
and reactions of the preservative with wood (fixation). The open porosity was
determined on wood samples by mercury intrusion porosimetry Plo¨tze and Niemz
(2011), cf. standard DIN 66133.
Two standard leaching tests were performed on the treated wood samples. ANC
test (Acid Neutralisation Capacity, based on CEN (2006)) provides information
on the influence of pH on pollutant release, acid/base neutralisation capacity and
physico-chemical stability of the material. Initially developed for the assessment
of the leaching behaviour of wastes, the pH dependency test is widely used for
the characterisation of construction products (van der Sloot and Dijkstra, 2004;
Schiopu et al., 2009; Kro´l, 2011; Tiruta-Barna and Schiopu, 2011; van der Sloot and
van Zomeren, 2011). In this study, the purpose of the pH dependency test is to help
at characterising the chemistry in the pores of the product.
DSLT (Dynamic Surface Leaching Test OECD (2007)) is used to investigate time
dependency of leaching of different components from block samples. This test was
initially developed for treated wood characterisation. A similar protocol is under
development at European level for the assessment of the dangerous substances
release from construction products to soil, surface water and groundwater (CEN,
2012b). Various analytical methods (qualitative and quantitative) were carried out
on eluates obtained from the leaching tests, in liquid or lyophilised form (a global
overview of the experimental work is presented in Figure C.1 in the appendix). The
following compounds have been quantified: total organic carbon (TOC), mineral
species (Cu, K, Ca, B, Cl–, PO3–4 , SO
2–
4 ), tebuconazole, organic acids (formic, acetic,
maleic and total carboxylic groups) and total phenols. Details on the test protocol
and application to treated wood samples are given in Lupsea et al. (2012a) for DSLT
and Lupsea et al. (2013a) for ANC test.
In this work, the results obtained in the experimental program (i.e. the quan-
titative eluates’ composition (species cited above) and qualitative information on
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extractives detected in eluates) were used for the model development. These exper-
imental data are represented in Figure 3.6 for ANC test, and Figure 3.7 for DSLT
test.
Figure 3.6: Experimental and simulated results for ANC test.
2.2.2.2 Modelling tools The geochemical modelling software PHREEQC R© was
used with the Lawrence Livermore National Laboratory (LLNL) thermodynamic
database. Original LLNL reactions and equilibrium constants were supplemented
with constants from literature and the MINTEQ database. All parameters used in
the model and the corresponding references are presented in Tables 3.3 and 3.4.
Data from literature has been used as much as possible for equilibrium constants.
Missing values were determined by model adjustment on experimental leaching
results fromANC test (i.e. “concentration-vs-pH”, and “pH-vs-acid or base added”).
The process was iteratively conducted until the error (differences between simu-
lated and experimental concentrations) was minimized. The diffusion coefficients
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Figure 3.7: Experimental and simulated results for DSLT.
necessary for the transport modelling have been determined by adjustment on
DSLT experimental data (explained in §3).
2.2.3 Model development
2.2.3.1 Chemical model The chemical model is based on the approach devel-
oped in (Tiruta-Barna and Schiopu, 2011) for treated wood. However, the present
study is different in the following points:
– A different treatment product was used, i.e. CBA with amine as major con-
stituent of the solution.
– An organic biocide, tebuconazole, was considered for the first time and in-
cluded in the model.
– A thorough investigation of the eluates allowed more detailed input data
concerning the organic matter (extractives).
– The previous modelling study regarded the organic soluble matrix as a global
DOC, whereas the present study takes in consideration each class of organic
substances, identified by the analytical platform (see 2.1 and the supplemen-
tary document for more details).
The main hypotheses for the development of the chemical model are detailed
hereafter:
74
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT
Table 3.3: Parameters for reactions used in model (in addition to LLNL data base).
Reaction logK Reference
H+ +Octanoic– = OctanoicH 4.89 (zir, 2012)
H+ +Abietic– = AbieticH 7.26 (Buckingham and Macdonald, 1995)
H+ + Formic– = FormicH 3.745 MINTEQ
H+ +Acetic– = AceticH 4.757 MINTEQ
H+ + Vanillin– = VanillinH 8.75 (Buckingham and Macdonald, 1995)
H+ +Maleic2– = HMaleicH+ 1.83 (zir, 2012)
H+ +HMaleic– = H2Maleic 6.07 (zir, 2012)
















Cu2+ + Vanillin– = CuVanillin+ 6.3 (Mubarak et al., 2010)
Cu2+ + 2Vanillin– = Cu(Vanillin)2 11.2 (Mubarak et al., 2010)
Cu2+ +Octanoic– = CuOctanoic+ 2 deduced from MINTEQ
Cu2+ +Abietic– = CuAbietic+ 2 deduced from MINTEQ
Cu2+ + Formic– = CuFormic+ 2 MINTEQ
Cu2+ +Maleic2– = CuMaleic 4.47 (Navon et al., 1997)
Cu2+ +HMaleic– = CuHMaleic+ 4.08 (Navon et al., 1997)
Cu2+ +H2Maleic = CuH2Maleic
2+ 3.36 (Navon et al., 1997)
H+ +MeaH = MeaH+2 9.5 (Tauler et al., 1986)
MeaH = Mea– +H+ -17 (Scheiman, 1962)
Cu2+ +MeaH = (CuMeaH)2+ 4.5 (Mettlemary, 2011)
Cu2+ + 2MeaH = (Cu(MeaH)2) 8.4 (Mettlemary, 2011)
Cu2+ + 3MeaH = (Cu(MeaH)3)
2+ 10.8 (Mettlemary, 2011)
Cu2+ + 4MeaH = (Cu(MeaH)4)
2+ 11.5 (Mettlemary, 2011)
Cu2+ + 2MeaH = (CuMeaH(Mea))+H 1.5 (Mettlemary, 2011)
Cu2+ + 2MeaH+OH– = (Cu(MeaH)2OH)
+ 15.42 (Mettlemary, 2011)
Cu2+ + 2MeaH = Cu(Mea)2 + 2H
+ -8.4 (Mettlemary, 2011)
Cu2+ + 2MeaH+ 2OH– = Cu(MeaH)2(OH)2 19.58 (Mettlemary, 2011)
H+ + Lig acO– = Lig acOH 3.37 (Ravat et al., 2000)
H+ + Lig phO– = Lig phOH 8. 34 (Ravat et al., 2000)
(CuMeaH(Mea))+ + Lig acO– = Lig acO(CuMeaH(Mea)) 0 this study
(CuMeaH(Mea))+ + Lig phO– = Lig phO(CuMeaH(Mea)) 0 this study
Cu+2+ Lig acO– = Lig acOCu+ 3.58 (Ravat et al., 2000)
Cu+2+ Lig phO– = Lig phOCu+ 7.56 (Ravat et al., 2000)
Cel alO– +H+ = Cel alOH 15 deduced from (van der Sloot and Dijkstra, 2004)
BO–2 + 2Cel alOH = (Cel alOH)2BO
–
2 0.7 (Tiruta-Barna and Schiopu, 2011)
Lig phOH+ Tebuconazole = Lig phOH(Tebuconazole) 4 this study
Lig acOH+ Tebuconazole = Lig acOH(Tebuconazole) 5.8 this study
VanillinH(s) = VanillinH(aq) -50 this study
Cu(OH)2 + 2H
+ = Cu2+ + 2H2O 8.674 MINTEQ
OctanoicH(s) = OctanoicH(aq) -7 this study
AbieticH(s) = AbieticH(aq) -4 this study
H+ + X– = HX 3.4 (Ravat et al., 2000)
Ca2+ + 2X– = CaX2 2.5 (Tiruta-Barna and Schiopu, 2011)
75
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT
Table 3.4: Other parameters used in model.
Surface and kinetic parameters
Specific surface area 100m2/g (Tiruta-Barna and Schiopu, 2011)
Site density carboxyl 0.05mol/kg wood this study
Site density phenol 0.06mol/kg wood this study
Site density hydroxyl (cellulose) 0.5mol/kg wood (Tiruta-Barna and Schiopu, 2011)
Kinetic constant for vanillin 0.0159mol/L this study
Kinetic constant for acetic acid 1711mol/L this study
Parameters used in transport model
Effective diffusion coefficient, DR m
2s−1 1.6× 10−11 this study
Effective diffusion coefficient, DT m
2s−1 1.0× 10−11
Open porosity, % 67 this study
1. The main processes at the wood/liquid interface are: (i) surface complexation
of Cu and Cu−MeaH complexes with phenol and carboxyl groups lying on
wood polymers; (ii) precipitation of Cu and Cu- MeaH with wood extractives;
(iii) interaction of tebuconazole and carboxyl and phenol groups on wood
by hydrogen bonds; (iv) ion exchange by carboxyl groups involving Ca and
MeaH; (v) B weak complexation by cellulose; (vi) solubilisation of several
extractives.
2. In the aqueous phase: (i) equilibrium reactions of mineral species; (ii) Cu com-
plexationwithMeaH and dissolved organicmatter; (iii) dissolution/precipitation
of inorganic solids like oxides, carbonates, silicates, and organic compounds.
The wood compartment and wood/liquid interface. The following composition was
considered for the Pinus sylvestris samples: 27% lignin, 28% hemicelluloses, 40%
cellulose and 4% extractives and minerals (Sjo¨stro¨m, 1993). In accordance with
literature (Thomason and Pasek, 1997; Jiang, 2000; Zhang and Kamdem, 2000; Lee,
2011; Mettlemary, 2011) Cu is being complexed on the wood structure via phenol
and carboxyl groups from the lignin and hemicellulose structure. Two complexation
mechanisms were considered: (i) a direct surface complexation of Cu ions, and (ii)
complexation of Cu−MeaH complexes on the same sites. In Table 3.3, “Lig acO−”
and “Lig phO−” correspond to total carboxyl, respectively phenol groups in wood
(“Lig ” is the generic name for both lignin and hemicellulose).
For surface complexation modelling, Dzombak and Morel diffuse double-layer
model with the Donnan diffuse layer model was used (implemented in PHREEQC R©
with default thickness). This model requires the following input parameters: intrin-
sic complexation constants, site density and specific surface area of the material,
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data which are very scarce in literature. Site density for carboxyl and phenyl groups
was taken from (Ravat et al., 2000; Guo et al., 2008) and adapted to our wood com-
position (see Table 3.4). For the specific surface area of wood fibres we considered
the mean value used by (Tiruta-Barna and Schiopu, 2011), i.e. 100m2/g wood.
The first type of reactions required monodentate complexes to be considered in
the model. Intrinsic complexation constants for Cu were taken from (Ravat et al.,
2000). For the second type, Cu−MeaH complexes are bound to one wood site, i.e.
carboxyl (noted −acO–) or phenol (noted −phO–) (Lee, 2011). For pH ≤ 10, (Zhang
and Kamdem, 2000) propose a cation exchange mechanism involving monovalent
Cu−MeaH complexes [Cu(MeaH)(Mea)]+, as described in Equations 3.7 and 3.8.
−acO− + [Cu(MeaH)(Mea)]+ −→ [−acO−(Cu(MeaH)(Mea))+]0 (3.7)
−phO− + [Cu(MeaH)(Mea)]+ −→ [−phO−(Cu(MeaH)(Mea))+]0 (3.8)
In Equations 3.7 and 3.8 and Table 3.3, “MeaH” represents neutral monoethanolamine
(i.e. HO−CH2−CH2−NH2), “Mea” stands for deprotonated monoethanolamine (i.e.
H2N−CH2−CH2−O
–) and “MeaH+2” represents protonated monoethanolamine (i.e.
HO−CH2−CH2−NH
+
3 ). Thus, a reaction of protonation and one of deprotonation
for MeaH were considered, with the equilibrium constant given in Table 3.3. Both
MeaH and Mea participate in complexation reactions with Cu.
Unlike the first type of reactions (Cu complexed directly on the wood surface),
no formation/stability constants exist in literature concerning the complexation of
Cu−MeaH compounds on wood. These values were therefore adjusted such that
the simulated Cu concentrations fit the experimental curve concentration-vs-pH.
The obtained stability constants have small values, pointing out that reactions 3.7
and 3.8 are secondary, compared to the direct complexation of Cu on wood.
Binding of tebuconazole on wood components has been very little investigated.
Only complexation between tebuconazole and Cu has been studied in vitro (Evans
and Schmalzl, 2007; Dytrtova´ et al., 2011). However, the large difference in concen-
trations of Cu and tebuconazole in eluates, different pH-dependency shapes, and
missing data on the stability constants do not allow conclusions on the occurrence
and stoichiometry of such complexes. Moreover, the formation of complexes of
tebuconazole and MeaH has not been described yet. However, from the stability
constants of Cu−MeaH complexes (Mettlemary, 2011) it can be expected that MeaH
binds Cu and other metals stronger than tebuconazole. So tebuconazole-MeaH
or Cu-tebuconazole complexes were excluded. Nevertheless, ANC results show
that tebuconazole is released in about 10 times higher concentrations at alkaline
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compared to acidic pH (Figure 3.6). The water solubility of tebuconazole is rel-
atively low, i.e. 36mg/L (at pH 5 to 9, 20 ◦C) (FAO, 2004), or 1.2× 10−4mol/L.
The concentrations observed in eluates (between 10 to 7 and 10mol/L to 5mol/L)
indicate that water solubility was not limiting for the tebuconazole release. The pH
dependency suggests binding to wood via hydrogen bonds, since deprotonation
under alkaline conditions limits the availability of hydrogen binding sites (Lupsea
et al., 2013a). Constants for these reactions have been adjusted with experimental
data. Phenol sites seem to bind tebuconazole stronger than carboxyl groups on
wood.
As already experienced by Tiruta-Barna and Schiopu (2011), ion exchange reac-
tion with low affinity sites was considered to explain Ca behaviour. The exchange
sites were carboxyl groups of hemicellulose. Ion exchange involving MeaH and
carboxyl groups of hemicellulose and lignin has been suggested by Humar et al.
(2003). However, sorption of Cu on the same sites is dominant and is not competing
with MeaH (Lee and Cooper, 2010). Moreover, no constants were found to define
this mechanism, so it was not considered in our model.
Boron is introduced in wood as boric acid. Few studies exist on eventual bond-
ing mechanisms. B release was modelled considering weak organic complexes
in which B is linked to active sites in wood components by O-bridges (Obanda
et al., 2008). The reaction has been described by (Ramos et al., 2006) as the for-
mation of a bidentate complex between B and the cellulose substrate “Cel alOH”.
The complexation constant has been adjusted using experimental ANC results
concentration-vs-pH. For modelling it was considered that 2/3 of cellulose hydroxyl
groups are in favourable position (i.e. adjacent) for reaction (site density given in
Table 3.4).
Equilibrium in aqueous phase. In aqueous phase equilibrium reactions have been
considered for all mineral constituents (K+, Ca2+, Na+, Cu2+, Cl–, PO3–4 , SO
2–
4 ) and all
quantified organic compounds (see below), interfering for pH and ionic strength
calculation and for biocides” aqueous speciation. All corresponding equilibrium
constants were taken from the LLNL and MINTEQ databases. No saturation was
observed from saturation index calculation, which demonstrates that at least in the
considered experimental conditions (ANC test), leaching of mineral compounds,
including Cu and B, was not governed by precipitation/dissolution reactions. One
of the main results previously reported (Lupsea et al., 2013a) concerns the chemical
nature of the extractives, here resumed: substances containing various functional
groups and structures (hydroxyl, ketone and carboxyl groups, esters, ethers, and
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cyclohexane, benzene and benzofuran rings) were identified by qualitative GC-MS
(Gas Chromatography coupled with Mass Spectrometry) on lyophilised eluates.
Many of them can be considered as degradation products of lignin, like vanillin
and coniferyl alcohol. Eluates also contained C6–C9 carboxylic acids and terpin
hydrate, 2-ethylhexanoic acid (included in the wood preservative) and substances
with different types of nitrogen bonds like amines, amides, heterocyclic rings.
For modelling proposes, an equivalent compound was chosen for each class of
extractives. The choice for these equivalent compounds was also based on the
existing literature data. Thus, all fatty acids identified (i.e. C6–C9 carboxylic acids)
have been considered as octanoic acid (noted “OctanoicH”); extractible resins have
been allocated abietic acid (noted “AbieticH”) and finally, all lignin-borne soluble
compounds have been regarded as vanillin (noted “VanillinH”).
The following complexes of Cu with organic compounds were considered in
solution: (i) complexes of Cu with MeaH, suggested by (Mettlemary, 2011); (ii) Cu
complexation with all quantified carboxylic acids i.e. formic, acetic and maleic acid;
(iii) Cu complexation with resin acids, i.e. abietic acid; (iv) Cu complexation with
fatty acids, i.e. octanoic acid and (v) complexation of Cu with phenolic compounds,
i.e. vanillin. The release of phenolic compounds (alias VanillinH) and acetic acid
(AceticH here below) increases with pH by a supposed hydrolyse mechanism. This
behaviour was modelled by irreversible reactions of organic -macromolecules with
OH (Equations 3.9 and 3.10). There are no quantitative information in literature
concerning equilibrium or kinetics of such hydrolyse reactions. Therefore the
reactions were considered to have a certain degree of advancement during the ANC
test, depending on pH conditions. The kinetics must depend only on OH– if the
solid surface does not evolve significantly during the reaction (wood structural
components don’t disappear). Kinetic constants were determined by statistical
regression from the experimental data (Table 3.3).
R−(VanillinH) + OH− = R+Vanillin− +H2O (3.9)
R
′
−(AceticH) + OH− = R
′
+Acetic− +H2O (3.10)
In Equation 3.9 and 3.10, R and R’ are solid organic polymers containing la-
bile fragments of VanillinH, respectively AceticH, able to be released in alkaline
solutions.
The initial composition of the system (for 100 g of wood in 1L pure water –
the ratio used in ANC test) used in the simulation is presented in Table 3.5. The
composition for boron (as boric acid), copper (as hydroxide), tebuconazole and
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monoethanolamine was calculated from the initial content of the treatment solution.
The quantity of soluble mineral species (K+, Na+, Cu+2, Cl–, PO3–4 , SO
2–
4 ) and Ca (as
wollastonite) was estimated from the plateau concentration observed in ANC test,
for each species. By the same method were estimated the initial quantities of formic
and maleic acids.
Table 3.5: Initial composition of the system, for 100 g of
wood in 1L pure water.
Solid species mol/L










SiO2 Possible to precipitate
f
Azurite (Cu3(CO3)2(OH)2) Possible to precipitate
f













a from total content
b from acid number (total concentration of carboxyl groups)
c from ANC experimental results
d from total phenols’ concentration
e CO2 uptake in eluates from atmosphere
f following literature information, e.g. (Lee, 2011; Tiruta-Barna
and Schiopu, 2011)
The sum of the initial composition of “OctanoicH” and “AbieticH” was con-
sidered in accordance with the concentration of carboxyl groups in eluates, after
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subtracting the concentrations of all quantified carboxylic acids (i.e. formic, acetic
and maleic acid). For more details regarding these calculations, see (Lupsea et al.,
2013a). The initial composition of “VanillinH” was calculated from the concentra-
tion of total phenols in eluates.
2.2.4 Coupled transport-chemical model
Wood is a porous product, and thus the diffusion could be considered as the
main mechanism of substances’ transport into the matrix and at solid / liquid
interface. Figure 3.7 shows DSLT results (Lupsea et al., 2012a) used in this modelling
section. The observed concentrations (at the moment of the eluate’s renewal)
are the result of chemical changes and diffusion occurring during wood/water
contact. The cumulative emissions in mg/m2-vs-time are represented in Figure
3.8, accompanied by the line with 0.5 slope, which proves – in accordance with the
diffusional transport model (Crank, 1975) – that the leaching process was controlled
by diffusion during the first 8 days; afterward the process slowed down. The
observed diffusional regime confirms also that the wood sample was homogenous
in composition (no significant gradient of biocides or other species in wood block);
without this condition, a 0.5 slope could not be observed at the beginning of the test
(more explanation in supplementary document).
Figure 3.8: Cumulative emissions in mg/m2 during DSLT and 0.5 slope representa-
tion for leaching mechanism controlled by diffusion.
The progressive release of MeaH determines a continuous and slight decrease
of pH. At the end of DSLT (30days), only 8% of Cu and 10% of tebuconazole were
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released, while 45% of B was lost. The high release and almost depletion of B was
also observed by Schoknecht et al. (2004). This result suggests that the slope change
after 8 days is not due to Cu and tebuconazole depletion but instead to a limiting
process like the evolution of the complex chemical equilibrium. Regarding DOC
behaviour, the slope is slightly different proving that the chemical processes control
the release. A slowdown is observed again after 8days. This particular trend can
be explained by the depletion of amine resulting in the pH modification inside the
porous structure (Figure 3.6 shows a pH decrease for about 1 unit after 8days) and
consequently the reinforcing of the biocides’ fixation on wood, in parallel with a
decrease of DOC solubilisation. In this pH region, the pH and DOC decrease result
in a lesser Cu and tebuconazole release.
In this part of the study, the DSLT experimental results were used for fitting
an effective diffusion coefficient and at the same time for validating the chemical
model. The chemical model developed in §2.1 for representing the ANC test results
was used here with the same reactions and the local equilibrium hypothesis for
pore water/solid system. The transport-chemical model aims at simulating the
dynamic leaching in the test experimental conditions, thus the diffusion mechanism
was considered in the porous system and leachate compartment was modelled as a
stirred reactor (i.e. the leachate composition is homogenous). The resolution with
PHREEQC R© of the diffusion-convection-chemistry model simulating a monolithic
leaching test is presented in (Tiruta-Barna, 2008).
Wood is an anisotropic material, with three principal axes of diffusion (longitu-
dinal – DL, radial – DR, tangential – DT ). For Pinus species, it was found that DR
and DT are quite similar while DL is much larger (Waldron and Cooper, 2010), e.g.
DT : DR : DL = 1 : 1.5 : 22 for southern pine, or DT : DR : DL = 1 : 1.6 : 31 for red
pine.
In DSLT carried out in this study, the longitudinal diffusion was blocked, dif-
fusion being possible only in radial and transversal directions. The mathematical
method used by (Waldron and Cooper, 2010) and (Rabia et al., 1996) for diffusion
resolution was used, considering the ratio DT : DR = 1 : 1.6, common for Pinus
species. The effective estimation of the diffusion coefficients was performed by
fitting the simulated curve concentration-vs-time on the experimental data, for a
tracer species (i.e. only the transport model was simulated, without any chemical
background). Among the elements released by wood in ANC test, K+ exhibits a
pH independent leaching behaviour and thus it was considered as a tracer. After
evaluation of the diffusion coefficients (Table 3.4), the complete chemical-transport
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model was used for simulating of DSLT dynamic leaching, with similar diffusion
coefficients for all chemical species.
2.2.5 Results and discussions
2.2.5.1 Model validity For the model development, reaction constants and pa-
rameters from literature were used as much as possible. However, a certain number
of key parameters are currently missing, especially thermodynamic constants for
complexation reactions involving MeaH. These values were estimated for the most
important reactions, by adjustment of the simulated concentrations to the experi-
mental ones (see also Table 3.3). These values seem to be coherent with regard to
the order of magnitude of similar type of reactions, and were also validated by a
sensitivity analysis.
Concerning the transport model, the effective diffusion coefficient is in the range
of figures reported in literature (Ra et al., 2001; Mukam Fotsing and Tchagang, 2005;
Schoknecht et al., 2005; Waldron and Cooper, 2010).
Simulation results are presented in Figures 3.6 and 3.7 for ANC and DSLT re-
spectively and compared with experimental data. The pH in the simulation of
ANC in the acid area is slightly lower than the experimental values. However, the
mean relative error is less than 4%. This might be due to the initial composition
for the equivalent compounds containing carboxyl and phenol groups (e.g. Oc-
tanoicH, AbieticH, VanillinH) and their associated pKa (see Table 3.5). However,
the calculated total carboxylic and phenolic groups as well as the individual small
acids agree with the experimental data. The sum of all organic carbon contained
in the different compound groups is close to the measured DOC in eluates (Figure
3.6). The chemical simulation fails for tebuconazole at alkaline pH, probably due
to a more complex interaction pathway with wood structure. The adjustment of
the complexation constant of tebuconazole with wood by hydrogen bonds was
sensitive for a log(K) variation of ±0.1 (Table 3.3).
The chemical-transport model fails for representing rigorously several experi-
mental points in DSLT. Copper release is very well represented without any special
adjustment. When similar errors occur for many species, we can expect that the
transport model is not perfect. In Figure 3.7, the first points show some differences
for K, B, pH, probably due to inhomogeneity and anisotropy of the porous struc-
ture. In view of ANC and DSLT results for tebuconazole, an incomplete chemical
model is rather offending. However, the errors are acceptable for such a complex
system (the overall mean error is less than 25%); this is merely the first coupled
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chemical-transport model for treated wood and it is an important step for further
developments. The completion of the chemical model could be discussed in the
sense that not all possible reactions were taken into account. The model was based
on confirmed mechanisms and on the most possible reactions pointed out by the lit-
erature survey. It could be supposed, for example, that Cu forms mixed complexes
with various extractives and MeaH, but the combination of such complexation
possibilities leads to an even higher number of reactions. Another limiting aspect
was the lack of data for equilibrium constants. As the number of possible reactions
is very high, the number of model unknown parameters could explode and the
adjustment results would become irrelevant. All these aspects are reasons why in
the model, groups of compounds were represented by equivalent compounds (i.e.
total phenols, total carboxylic acids) and literature unconfirmed reactions were left
behind. Tentative to include more reactions with different classes of extractives is
discussed in the supplementary document.
2.2.5.2 Biocide behaviour The model allows speciation calculations and the
simulation of species’ distribution between different compartments (on wood, in
pore water, in leachate). As such, the model represents a useful tool for a better
understanding of biocide leaching. Figure 3.9 shows the distribution of Cu between
the liquid and solid phases, i.e. in solution (graph on the left) and complexed
on wood (graph on the right). The simulations were carried out considering the
experimental condition of ANC test. In solution, Cu is complexed with MeaH,
deprotonated phenolic compounds and carboxylic acids, and hydroxyl ions. At
acid pHwe observe a strong complexationwith fatty acids, which decreases with the
pH increase, due to competing reactions with phenolic extractives (alias VanillinH)
and wood deprotonated sites (all being weaker acids than fatty acids). At pH near
native (between 7 and 8) Cu is linked preferentially to phenolic extractives. For
pH ≥ 9, copper complexes with MeaH become dominant.
On wood, Cu is complexed on phenolic and carboxyl sites of lignin and hemi-
cellulose by two mechanisms: directly or via MeaH. Figure 3.9 (right) shows that
the first mechanism is prevalent under all pH conditions (by seek of homogeneity,
concentrations of fixed Cu were reported as mol/L of leachant). Thus, we might
consider the second complexation mechanism (wood−Cu−MeaH) as negligible. A
sensitivity study realised by removing from the model the direct wood−Cu mecha-
nism shows that Cu amount fixed by this second mechanism strongly rises with pH
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Figure 3.9: Variation of copper distribution with pH in solution (left) and on wood
(right). In solution complexes with: (i) monoethanolamine (Cu−MeaH), (ii) free
Cu2+ and hydroxyl complexes (Cu−OH), (iii) phenolic compounds (Cu−phenol),
(iv) carboxylic acids (Cu−carboxyl). On wood fixed by: (i) direct complexation
(wood−Cu), (ii) via MeaH complexes (wood−Cu−MeaH).
and aqueous Cu diminishes correspondingly; the shape of copper concentration-
vs-pH didn’t fit the experimental data for any values assigned to the respective
equilibrium constants (for more details see supplementary document). The obser-
vation that wood−Cu−MeaH complexation isn’t the main mechanism of copper
complexation on wood is an important outcome of this study. As observed, the most
favourable pH region for Cu fixation corresponds to native pH ≈ 7.5 of samples.
The native pH of untreated wood was 4.5 (Lupsea et al., 2013a). Figure 3.6 shows
that at this acidic pH, Cu solubility is more important. Thus, it can be stated that the
role of monoethanolamine is to neutralise the natural acidity of wood, enabling by
this way Cu binding on deprotonated sites. A higher pH induces reactions on wood
like hydrolyses, the release of more extractives and consequently a higher mobility
of Cu. Concerning boron, even if some fixation phenomena are possible, their
effectiveness is weak (demonstrated by the non-dependency on pH) and cannot
effectively hinder the leaching. The mechanism in which B is linked to active sites in
wood components (cellulose) by O-bridges was used in this study and satisfactory
simulate both leaching tests. Nevertheless, its total loss counted in both tests is the
highest among the studied biocides and confirms the weak binding capacity with
the wood structure.
Simulation results for tebuconazole leaching show acceptable coherence with
experimental data, even if this is the first attempt to model organic biocide chemistry
in treated wood. Tebuconazole complexation with Cu and MeaH or other possible
interactions with extractives were not considered in this model. The model is
very sensitive to acid/base properties of the fixation sites (pKa of carboxyl and
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phenol sites), that could explain its weakness in alkaline domain. Nevertheless, the
fixation mechanism of tebuconazole needs to be validated by analytical methods
and constants for the corresponding reactions need to be deduced.
2.2.6 Conclusions
This is a first coupled chemistry-transport model for treated wood leaching,
aiming at understanding the intimate leaching mechanism of mineral and organic
biocides. It considers biocides and wood chemistry based on the current knowledge
(thermodynamic data) and experimental investigation. The capability of the devel-
oped model to simulate the chemical and transport behaviour is the main result of
this study. The results obtained lead to the following conclusions concerning the
biocide leaching behaviour. Copper is bound mainly by complexation mechanisms
on phenolic and carboxylic groups on lignin and hemicellulose, even in the presence
of monoethanolamine. Its leachability strongly depends on the chemical nature
of extractives and on the pH value. Therefore the role of monoethanolamine is to
provide a pore-solution pH of about 7.5 when the copper solubility is the weakest.
But during dynamic leaching, the pore solution pH turns back to native pH and
copper fixation becomes weaker.
Boron interacts weakly and exhibits a diffusional behaviour close to those of a
tracer. Tebuconazole is captured by hydrogen-bound interactions on wood poly-
mers and its leachability rises with the pH value. Further testing of the distribution
of tebuconazole (trapped on the wood structure and leached or trapped on fractions
dissolved from wood polymers) could confirm the mechanism used in the model.
This work proved that the characterization leaching tests like ANC and DSLT, com-
bined with appropriate analytical methods, are useful experimental tools. It is thus
demonstrated that knowledge of main extractives’ behaviour is a necessary step
for the understanding of biocide leaching mechanisms. The presented model was
developed and validated on the basis of laboratory leaching tests, considering the
main chemical and transport mechanisms governing the biocides’ behaviour. The
complex nature of the material makes impossible the consideration of all properties,
reactions, phenomena (inhomogeneity, polymers and pore evolution in time,. . . ).
Despite its limits, the interest of such model resides in its flexibility for represent-
ing and simulating various leaching conditions. Based on the chemical-transport
model, the leaching behaviour of CBA treated wood could be simulated at larger
scales and in natural exposure conditions. The consideration of temperature varia-
tion (including frost periods), distribution of preservatives in real wood samples
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or larger time spans could make the model adaptable for simulation of leaching
behaviour of wood in real exposure scenarios. It is subject of current and future
investigations. These capabilities make the leaching model an interesting tool for
generating useful data for environmental risk and life cycle assessments of treated
wood based materials and wastes.
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3 Mineral (non-metallic) porous product: fibre-cement
sheets
3.1 Introduction
Fibre-cement sheets are construction products used to cover the exterior of
buildings in both industrial and domestic applications. They are manufactured
for various use-situations: wet areas, acoustic, fire rated, structural and decorative
purposes as well as flooring requirements. Fibre-cement sheets are a composite
material, made of cement, sand (silica) and reinforcing fibres.
Fibre-reinforced cement-products were invented in the late 19th century by the
Austrian Ludwig Hatschek, by mixing 90% cement with 10% asbestos fibres (St John
et al., 1998). For over 100 years, this form of fibre-cement was extensively used for
roofing, pipe and walling products in external use. After the discovery in the 70s
that asbestos produced lung cancers years after professional or occasional exposure,
asbestos use was progressively prohibited. Starting with the 80s, asbestos fibres
were replaced with cellulose or synthetic fibres, e.g. polyvinyl alcohol (PVA) fibres.
Long-term performance and durability of fibre-cement composites have been
research subjects worldwide, particularly after the replacement of asbestos with
natural or synthetic fibres. It has been observed that cellulose fibre-cement materials
can have performance drawbacks such as lower rot resistance and poorer long-
term durability compared to asbestos cement composite materials. Cellulose fibres
(cellulose and hemicellulose) are highly hydrophilic and porous, which makes them
susceptible to bio-decay or rot attack when incorporated into cement composite
materials (also porous) which are in contact with water. Thus, a technology of
making reinforced cementations composite materials using biocide treated cellulose
fibres has been developed (Merkley and Luo, 2004). Nevertheless, in high humidity
environments, the pore spaces in the fibre-cement sheets facilitate water transport
to the fibres and biocides could leach from the product. Fibre-cement sheets are
very thin (4-10 mm), and even shallow depths of corrosion can generate significant
impact on the bending strength.
Indeed, it has been observed that asbestos reinforced fibre-cement sheets that
have undergone the effects of leaching can release asbestos fibres to the environment.
Though the leaching behaviour of cement has been widely studied (Taylor, 1997;
Faucon et al., 1996; Carde and Francois, 1999; van der Sloot, 2000, 2002; Engelsen
et al., 2009, 2010), little is known about leaching from fibre-cement sheets (Babic,
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2006). More precisely, there exists no information yet concerning the leaching
behaviour of fibre-cement sheets based on synthetic fibres (not asbestos).
The objective of this study was to investigate and simulate the leaching be-
haviour of fibre-cement sheets and the release of potentially hazardous substances
(organic biocides and heavy metals). The assessment is based on static and dynamic
leaching tests. A numerical approach was also developed in view of simulating the
long-term leaching behaviour of fibre-cement sheets based on synthetic fibres.
3.2 Materials and methods
Samples. The composition of fibre-cement sheets is usually: 2% PVA fibres, 5%
cellulose fibres, 80% cement (Merkley and Luo, 2004) (sometimes the formulation
contains 10− 30% inert fillers such as silica or limestone). The samples used in this
study consist of a commercial product (fibre-cement profiled roofing sheet natural
grey), bought on the market. For static leaching tests, the product was crushed
(1mm), while the dynamic leaching tests were performed on monolith samples
(184mm× 220mm× 6mm), with an exposure surface of 809.6 cm2. In order to
evaluate the leaching only by the surfaces which are in contact with water in real
exposure conditions (not by the thickness of the product) the transversal sides were
blocked by using an inert glue to cover the cut areas of the samples.
Target substances. A screening analysis (about 30 metals and more than 700
organics - see Appendix A) performed on eluates obtained from the preliminary
static test (see protocol in chapter 2 §5.1) helped at defining the list of substances
of interest, i.e. toxic species (heavy metals, biocides, organics) and other species
necessary for developing a modelling approach. Besides different metals and anions
that normally leach from the cement matrix, a wide range of organic substances
was also detected in eluates from fibre-cement sheets (see Table 3.6). Many of these
organic substances are known as biocides (pesticides, herbicides, fungicides, etc.)
and need a deeper analysis. The list of target organic substances was limited to
four organics: naphthalene, anthraquinone, terbutryn and fenuron. The rest of
organic substances identified in the screening test were not selected for further
analyses. They are either found in very small quantities (near to the detection
limit, e.g. 2-nitrophenol), or identified in small concentrations only at pH below 4
(e.g. para-tert-octylphenol), or are biodegradable (e.g. DNOC), or are volatile (e.g.
ethylbenzene, formaldehyde, acetaldehyde), or are not toxic (e.g. methylphenols).
Among the detected organic substances, naphthalene and octylphenol are found
on the list of priority substances in water (EC, 2012a). However, because octylphenol
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was analysed in concentrations close to the detection limit, it was not further
considered as a target substance.
Table 3.6: Substances from fibre-cement sheets detected in preliminary leaching
tests.
Inorganic * Ca, Na, K, Al, B, Fe, Si, Cr, Cu, Mo, Ni, Sr, Cl–, SO2–4
Organic * naphthalene, ametryne, dinitro-ortho-cresol (DNOC),
propiconazole, terbutryn, 2-methylphenol, 4-methylphenol,
acetone, anthraquinone, fenuron, ethylbenzene, meta+para xylene,
acetaldehyde, formaldehyde, para-tert-octylphenol, 2-nitrophenol
* in italics the elements selected as target substances for ANC and DSLT tests (after preliminary
testing).
Leaching tests. A static pH dependency leaching test was carried out (further
called ANC), based on the TS 14429 (CEN, 2006) standard (see chapter 2 §5.2 of this
manuscript). The principle of this test is to assess the pH leaching behaviour of
all leached species in terms of equilibrium concentrations at different pH values.
Crushed material was brought in contact with different concentrations of nitric acid,
in order to force the pH of eluates to vary between 2 and 14, at fix liquid-to-solid
ratio (10L/kg). The suspensions were stirred for 48h in an end-over-end roller.
The pH measured in eluates on fibre-cement sheets with no acid addition (only
demineralised water) is referred to as the natural pH of the material. To prevent
microbial activity and thus, the deterioration of the concerned organic substances,
an inhibitor (NaN3) was used in concentration of 0.2 g/L (Jouannin, 2004; Hansen
et al., 2005; Hansen and Andersen, 2006). The ANC test was performed on triplicate.
The dynamic surface leaching test (DSLT) was carried out in triplicate in spe-
cific reactors (see chapter 2 §5.3), based on the Technical Specification TS 2 from
CEN/TC 351 (CEN, 2012b). The observed concentrations are the result of chemical
changes and transport phenomena (e.g. diffusion processes in the pores) occurring
during product/water contact. The objective of this test is to evaluate the coupled
chemistry-transport processes. NaN3 was used as inhibitor, in order to prevent
the deterioration of the tracked organic pollutants. The ratio liquid to exposed
surface of product was 10 cm3/cm2. In order to study the possible leaching from
the applied glue, a blank test was carried out. The blank sample consisted in a glass
sample covered with the same surface (48.5 cm2) of glue as the one used to block
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the longitudinal leaching from the original samples. Also, agitation was used over
the whole duration of the DSLT test, i.e. 35days.
Analytical methods. For all experimental assays (chemical characterisation of the
material, equilibrium and dynamic leaching tests) the pH and the concentration of
each target substance in eluates were analysed. Eluates were first vacuum filtered
and then analysed for inorganic and organic species by standardised methods and
with the corresponding detection limits, as seen in Table 3.7.
Table 3.7: Analytical methods used for the quantification of target elements.
Substance Method* Standard Detection limit
DOC DOC analysis NF EN 1484 0.1mg(C)/L
Heavy hydrocarbons GC EQHYT 50µg/L
Ca




























* HPLC = High Plasma Liquid Chromatograph
ICPOES = Inductively Coupled Optical Emission Spectrometry
IC = Ion Chromatography
ICP-MS = Inductively Coupled Plasma Mass Spectrometry
CMOMT02 = liquid/liquid extraction: 1L of sample is extracted in a mixture
dichloromethane/ethyl acetate (80/20) at several pH values; the extract is analysed by a
systematic multi detection in gaseous and liquid chromatography (HPLC/DAD,
HPLC/MS/MS, GC/ECD/NPD, GC/MS)
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The elemental total content of the material was determined by extraction with
aqua regia followed by analysed by ICP/AES methods cf. NF EN ISO 11885. The
inorganic species quantified are: Al, B, Ca, Cr, Cu, Fe, Mo, Ni, K, Si, Na, Sr.
The porosity of the monolith samples is a key parameter in the transport-chemical
model. The open porosity of fibre-cement sheets was determined experimentally cf.
NF P 18-459 standard, which describes the methods for the testing of porosity and
density of hardened concrete.
3.3 Experimental results
The total content for the analysed elements is given in Table 3.8. The open
porosity obtained by the experimental method is 38%, which is slightly higher than
the porosity of cement based products.
Table 3.8: Total content of fibre-cement sheets in mg/kg of dry matter.
Al B Ca Cr Cu Fe Mo Ni Si Na Sr K
10700 23.1 352000 42 31.9 22400 1.92 21.4 1070 1240 192 4920
Based on the quantitative results from ANC and DSLT test, we reduced the list
of elements retained for the modelling approach, by eliminating those elements
which were constantly released in quantities close to or less than the detection limits,
i.e. Ni, naphthalene, anthraquinone and fenuron. The list of species used in the
model is:
(i) highly soluble elements: Na, K, Cl
(ii) major elements in cement: Ca, Si, Al, Fe
(iii) pollutants potentially hazardous in natural leaching conditions: Cr, Cu, Mo,
Sr, B, SO24
(iv) organic biocide: terbutryn.
ANC tests delivered results under two forms: (i) final pH value of the eluate in
function of H+ moles added per L solution and (ii) variation of the concentration of
target substances with pH (Figure 3.10).
The native pH is imposed by the mineral matrix of the product, between 12 and
13. By acid addition the pH decreases up to 10, corresponding to the depletion of
C−S−H (calcium silicate hydrate) and portlandite. A high amount of acid is needed
to descend towards pH 4 proving a strong capacity of acid neutralisation, mainly
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Figure 3.10: ANC results: experimental and simulation.
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due to the buffering character of the carbonates. All major elements (Ca, Si, Al, K)
and minor elements (Fe, Cl–, SO2–4 ) are those typically found in cement matrixes
and their leaching behaviour is identical with the one observed for concretes, i.e. in
the most acid pH region all elements approached maximum leachability (van der
Sloot, 2000; Barna et al., 2005; Engelsen et al., 2009; Schiopu et al., 2009).
Concerning the release of potentially hazardous species, several typical be-
haviours are encountered. Mo and Cr show a maximum release at neutral pH, a
decrease at acid and alkaline pH. Along with Cu, these elements exhibit a leaching
behaviour commonly encountered for cement based materials. B solubilisation
increases with pH decrease, while Sr concentration remains constant. Terbutryn
solubility and total dissolved organic matter DOC (organic compound originated
probably in the fibres) don’t depend on the chemical context (pH, mineral species’
concentrations).
DSLT results are presented as curves of concentration in function of time (Figure
3.11). The observed concentrations are the result of chemical changes and transport
phenomena (e.g. diffusion processes in the pores) occurring during product/water
contact. The objective of this test is to evaluate the coupled chemistry-transport
processes.
The differences between the triplicates in the ANC experimental data could be
explained by the inhomogeneity of the samples. Because of the presence of fibres
in the product, during the crushing procedure, the samples exhibited a certain
heterogeneity (some contained more fibres, others more cement matrix). These
differences are not visible in the DSLT test, where the samples were monolithic and
thus at this scale homogenous and almost identical.
3.4 Model development and modelling results
The leaching behaviour of cement based products has beenmodelled by different
authors. We used here an approach based on ANC and dynamic leaching tests,
developed and presented elsewhere (Schiopu et al., 2009) mechanistic model that
couples chemical aspects and transport phenomena specific for the interactions of
the cement products with water. The geochemical code PHREEQC R© (Parkhurst
and Appelo, 1999) coupled with MINTEQ thermodynamic data base was used for
the model implementation because of its capabilities on chemical modelling and for
the facilities to add the transport components of the coupled model. The data base
was completed with specific reaction constants taken from literature.
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Figure 3.11: DSLT results: experimental and simulation.
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The system product/water is characterised by two compartments which ex-
change flows, i.e. the pore-water in the pores of the product and the leachate
compartment. Once the product brought in contact with water the system tends
towards a new equilibrium state by transport process (composition of leachate
different from that of the pore-water). Different processes take place:
(i) in the porous matrix: dissolution/precipitation processes, chemical reactions
(acid/base, complexation, redox) in liquid phase, diffusion of soluble chemical
species through the pores (from the core to the surface of the product) and
transfer to the liquid;
(ii) in the leachate: chemical reactions between species, dissolution/precipitation
reactions at the product/leachate interface (corrosion of the material surface),
transport with the leachate and possibly interaction with a gas phase.
The model describing the leaching behaviour of a solid product is composed
of: (1) a chemical model which considers all chemical reactions taking place in the
pore-water of the product and (2) a transport model which takes into account the
most important specific mass transfer and transport phenomena occurring in each
compartment and between the compartments. Such a complex chemical-transport
model was already considered for the modelling of leaching from cement based
materials containing wastes and from construction products (Re´thy, 2001; De Windt
and Badreddine, 2007; Tiruta-Barna, 2008; Schiopu et al., 2009). Particularly the
ANC test was essential for the chemical model development allowing identification
and quantification of reactive mineralogical phases controlling the element release.
The dynamic test DSLT allows the transport model development (mainly diffusion
in pores) and finally the model calibration. The parameters for the model (miner-
alogical phases, diffusion coefficients) were fitted with the whole experimental data
obtained.
The chemical model. The chemical model must describe the mineralogical phases
and the chemical reactions occurring in the system product/water. The model
developed by Schiopu et al. (2009) on concrete slabs was used, enriched with data
referring to the organic background (synthetic fibres) and to the organic substances
identified in eluates, which were not included in the above mentioned model.
Moreover supplementary inorganic pollutants detected in eluates were considered
in the model like boron, strontium, molybdenum.
In the chemical model information from literature about the mineralogical
composition of cement based materials was considered. Calculation of saturation
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indexes (PHREEQC R© - (Parkhurst and Appelo, 1999)) for eluates composition
allowed the selection of those phases (initial and neoformed in contact with water)
susceptible to control the element release in the laboratory test conditions. The
developed geochemical model must simulate the neutralisation curve and buffering
capacity of the product, the principles of such model have been described in detail
elsewhere (Schiopu et al., 2009; Hareeparsad et al., 2011). The concrete materials
are constituted mainly by amorphous CSH (hydrated calcium silicates) and contain
portlandite, calcite, sulfoaluminates (e.g. ettringite), quartz and other silicates
in different proportions. The components of concrete included in the model are:
portlandite (Ca(OH)2), CSH-gel-1.8 (Ca1.8SiO3.8H2O), calcite (CaCO3), ettringite
(Ca6Al2(SO4)3(OH)2 · 26H2O), quartz (SiO2), calcium aluminates (Ca3Al2(OH)12).
Soluble elements, i.e. Na, K, Cl (from soluble salts like NaCl, KCl) have been
considered solubilised in the porewater at the beginning of the leaching process.
Other mineralogical phases were included in the model in order to explain the
release of minor and trace elements observed in ANC eluates. Cu, Ni, Cr and Mo
presented two different release patterns: (i) metal cations (Cu, Ni), which leach in
high concentrations under acidic conditions and their release decreases with pH
increase, and (ii) elements that form oxyanions (Cr, Mo) which present a solubility
minima at pH 4-6 and a maxima at pH 8-11. Thus, copper behaviour was modelled
by the dissolution and precipitation of its hydroxide (Cu(OH)2) and tenorite (CuO).
Nickel release is controlled by its hydroxide Ni(OH)2. Ferrihydrite (Fe(OH)3) was
considered to be the solubility controlling mineral phase around neutral pH for
Fe. The unleached content of Fe at pH 4.6 is present mainly as ferrihydrite. The
model is in agreement with other studies on cement based materials, for example
(Engelsen et al., 2010).
Molybdenum and chromium have a similar behaviour, typical for the substituted
calcium aluminate-sulphates like ettringite andmonosulphate by oxyanions, at alka-
line pH. A chromium substituent of ettringite, Cr(IV)-ettringite (Ca6Al2(CrO4)3(OH)12
· 26H2O) (Gougar et al., 1996; Zhang and Reardon, 2003; Chrysochoou and Der-
matas, 2006) was considered in the model. Molibdate ion in cement also forms sub-
stituted ettringite and monosulphate, as reported in literature (Kindness et al., 1994;
Klemm, 1998). These are solid solutions phases with ettringite or monosulphate and
powellite as end-members. In this model substituted monosulphate (Mo−AFm)
was considered, calculated as solid solution. In neutral and acid conditions these
phases are dissolved and powellite (CaMoO4) precipitates. The behaviour of Mo
and Cr at pH 5-6 was modelled considering surface complexation of respective
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anions (MoO2–4 , CrO
2–
4 ) on sorbent surfaces like ferrous hydroxides. The diffuse
two-layer model of Dzombak and Morel implemented in PHREEQC R© and the com-
plexation constants supplied with MINTEQ database were used. The combination
of these 2 mechanisms explains the shape of the ANC concentration curve. Boron
exists probably as substitution in ettringite like (Ca6Al2O4(B(OH)4)2(OH)8 · 26H2O)
(Csetenyi and Glasser, 1993; Gougar et al., 1996; Zhang, 2000; Sun and Wang, 2010),
explaining its low availability in alkaline solution. Adsorption on iron hydroxides
could be expected in neutral conditions.
Strontium may occur as a metasilicate (SrSiO3), with possible interaction with
solubilized SO2–4 as celestite (SrSO4). New phases can form by dissolution of the ma-
terial constituents at neutral or acid pH: gibbsite (Al(OH)3), gypsum (CaSO4 ·H2O),
SiO2 amorphous.
Concerning the organic matrix, terbutryn and global DOC leaching was mod-
elled. Because no information on the binding of terbutryn on the cement or fibre
structure was found in literature, the leaching was modelled by a solubilisation
mechanism. Similarly was modelled also the leaching of DOC (dissolved organic
carbon).
The reactions considered in the model and the corresponding constants are
given in Table 3.9. The initial concentration of each phase in the solid matrix was
evaluated based on the concentrations of each species in the ANC eluates and on
experimental investigations of the elemental mineral total content.
The coupled chemical-transport model. DSLT curves showed the variation of the
concentrations of each species with time, in leachates on monolith samples. The
chemical model presented above (and validated by ANC experimental results) was
used, with transport parameters.
The diffusion coefficient was firstly estimated by fitting the diffusion model to
the release data for soluble ions Na, K and Cl considered as tracers. A diffusion






































Table 3.9: Parameters used in the model.
Initial




Ca6Al2O4(B(OH)4)2(OH)8 · 26H2O+ 18H
+ = 2Al3+ + 6Ca2+ + 40H2O+ 2H3BO3 120.87 0.0001 (Csetenyi and Glasser, 1993)
Ca3Al2(OH)12–cement Ca3Al2(OH)12 + 12H
+ = 2Al3+ + 3Ca2+ + 12H2O 80.33 0.05 (Lothenbach and Winnefeld, 2006)
Calcite CaCO3 = Ca
2+ + CO2–3 -8.475 0.3 MINTEQ
Cr-Ettringite Ca6Al2(CrO4)3(OH)12 · 26H2O+ 12H
+ = 2Al3+ + 3CrO2–4 + 6Ca
2+ + 38H2O 60.54 3e-006 MINTEQ
Csh−gel−1.8 Ca0.8SiO2.8 ·H2O+ 1.6H
+ + 2.2H2O = 0.8Ca
2+ + 2H2O+H4SiO4 11.08 0.13 Stronach and Glasser (1997)
DOC(s) DOC = DOC -2.35 0.01 This study
Ettringite Ca6Al2(SO4)3(OH)12 · 26H2O+ 12H
+ = 2Al3+ + 6Ca2+ + 38H2O+ 3 SO
2–
4 62 0.006 LLNL
Ferrihydrite Fe(OH)3 + 3H
+ = Fe3+ + 3H2O 4.891 0.0002 (Engelsen et al., 2009)
Portlandite Ca(OH)2 + 2H
+ = Ca2+ + 2H2O 22.675 0.08 MINTEQ
Strontium metasilicate SrSiO3 + 2H
+ +H2O = H4SiO4 + Sr
2+ 14.8438 0.0001 LLNL
Tenorite CuO+ 2H+ = Cu2+ +H2O 7.62 3e-005 (Engelsen et al., 2009)
Terbutryn(s) Terbutryn = Terbutryn -8.3 1e-006 This study
Mo-AFm0.5 Ca2.5(MoO4)0.5Al(SO4)0.5(OH)6 · 3H2O+ 4H
+ = -4 6e-006 This study




Ni(OH)2 Ni(OH)2 = Ni
2+ + 2OH– 10.8 3.8 e-5 MINTEQ
Powellite CaMoO4 = Ca
2+ +MoO–4 -7.94 - MINTEQ
Silica SiO2 + 2H2O = H4SiO4 3.018 - MINTEQ
Gypsum CaSO4 · 2H2O = Ca
2+ + SO2–4 + 2H2O 4.848 - MINTEQ
Gibbsite(C) Al(OH)3 + 3H
+ = Al3+ + 3H2O -7.77 - MINTEQ
Cu(OH)2 Cu(OH)2 + 2H
+ = Cu2+ + 2H2O -8.64 - MINTEQ
Celestite SrSO4 = Sr




Ferrihydrite sites AfhOH+H+ = AfhOH+2 7.29 0.002 MINTEQ
(AfhOH) AfhOH = AfhO– +H+ -8.93 MINTEQ
AfhOH+ CrO2–4 +H
+ = AfhCrO–4 +H2O 10.85 MINTEQ
AfhOH+ CrO2–4 = AfhOHCrO
2–
4 3.9 MINTEQ






AfhOH+H3BO3 = AfhOHH3BO3 0.62 MINTEQ
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3.5 Discussions
Material leaching behaviour. The studied product exhibits a cement-like behaviour
during leaching, as shown in Figure 3.10 and Figure 3.11. The neutralisation curve
and the buffering capacity obtained in ANC test are explained by the presence of
typical cement phases: portlandite, C-S-H and calcium carbonate.
The behaviour of high soluble elements (i.e. K, Cl) is independent of the pH.
The major elements Ca, Si, Al behaviour is controlled by the different mineralogical
phases shown in Table 3.9, i.e. CSH and portlandite, calcium-aluminate, gibb-
site, ettringite in alkaline media, amorphous SiO2 and gypsum in neutral media.
The sulphate behaviour was controlled by ettringite at alkaline pH, by gypsum
at neutral pH and thus indirectly by the Ca release as well. The Cu, Ni and Fe
release is controlled by their oxides/hydroxides. Mo, Cr and B release is deter-
mined by substituted ettringite and monosulphate phases in alkaline conditions
and by adsorption on iron hydroxides in neutral conditions when ettringite and
monosulphate are dissolved. Sr was also detected in leachates coming probably
from silicates present in cement matrix.
If compared to the total content (see Table 3.8) during ANC, Cu and Mo leached
up to approximately 60% (the maximum corresponds to the most acid pH, i.e.
3.26). B leached approximately 98% from its total content (at pH 3.26), whereas Cr
leached only 17% at acid pH. Other studies which observed the leaching behaviour
of cement based materials under the same experimental conditions, i.e. ANC
test, report similar leaching ratios, compared to the total content. For example,
Schiopu et al. (2009) observed the leaching behaviour of concrete slabs during
pH dependency tests and found that all major pollutants (Cu, Mo, Cr, B) leach in
maximum quantities at acid pH and in concentrations similar to those observed in
the current study. Engelsen et al. (2010) characterised the leaching of minor and
trace elements released from recycled concrete aggregates. van der Sloot (2002)
studied the leaching behaviour of concrete mortars. Both studies showed a similar
release pattern for major and trace elements.
Concerning leaching during dynamic tests, a high release was observed for B
and Sr (approx. 6% from total content). Cu and Mo release was up to 2% after
35days. These results are also in line with previous studies made on concrete.
In what concerns the organics released, a possible source for the DOC is the
degradation of cellulose fibres. Previous studies show that the high alkalinity
of pore-water in the cement matrix weakens the cellulose fibres, induces their
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decomposition (Toleˆdo et al., 2000) and, consequently, leads to the decay of the
composite tenacity in the long term exposure. On the other hand, the constant
presence of the organic biocide terbutryn (CAS 886-50-0) in eluates from fibre-
cement was unexpected. This biocide belongs to the class of triazines. It was of
interest to include it on the list of target substances as it has not been detected
before in eluates from fibre-cement products without core or surface treatment,
or added coatings. Nevertheless, it is widely used in the construction products’
industry in renders, in order to protect the building’s envelope against growth
of grasses and aquatic algae (PPDB, 2007) and in the core or surface treatment
of construction products (Bagda et al., 2000; Menge et al., 2005; Paulus, 2005).
Moreover, several studies reveal its presence in receiving waters of urban water
catchments (Quednow and Pu¨ttmann, 2007; Schoknecht et al., 2009; Burkhardt et al.,
2011). The only valid explanation for its presence in eluates from fibre-cement
sheets (in both ANC and DSLT tests) could be that it was previously used in the
treatment of the cellulose fibres, which were later embedded as reinforcement in
the final product (mixed with cement), in order to prevent the biological attack of
the fibres and thus, the mechanical degradation of the product. The leaching of
terbutryn and total dissolved organic matter DOC was modelled as solubilisation
process and diffusion in porewater. The highest release of terbutryn 0.016mg/kg
was at alkaline pH in ANC test.
As mentioned in section §3.2, four organics have been traced in eluates from
ANC tests. However, only terbutryn was identified above the detection limit in
all eluates. The solubility of the traced organics (napthahalene, anthraquinone,
terbutryn and fenuron) is given in Table 3.10, along with the highest measured
quantities in eluates. We notice a very high discrepancy between the two values.
For naphthalene, for example, the released quantity is 105 times smaller than its
solubility in water. So, either their presence in the material was very small (traces) or
these organics were strongly adsorbed on other organic (or, less probable, mineral)
phases.
The adsorption of the herbicide fenuron (CAS 101-42-8) has been very little
investigated. Aguer et al. (2000) studied the adsorption of fenuron on smectites
(which belong to the clay minerals’ class) and observed that fenuron was adsorbed
as neutral molecule on uncharged siloxane surface by hydrophobic bonding, with
some contribution of polar bond. Nevertheless, its adsorptivity remains low (one
fenuron molecule for each 2000-200 exchange sites), which suggest a high mobility
of fenuron in natural soil and water systems. We concluded that fenuron cannot be
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Table 3.10: Solubility of organic trace elements.
Substances Highest release ANC Solubility in water at 20◦C
mg/L mg/L
Naphthalene 1.70e-04 32
Anthraquinone 1.90e-04 0.12 0.60
Terbutryn 1.60e-03 20
Fenuron 4.00e-04 3.85
significantly fixed by the matrix but instead it is little present in the material, only
traces, and it was therefore not included in the leaching mechanism of the studied
fibre-cement sheets.
Terbutryn complexation on soil has been intensively investigated, as reviewed
by (Daho, 2006). The adsorption/desorption studies indicate that the mobility in
soil ranges between low and medium in the different soils tested. Barriuso et al.
(2000) observed that decreasing soil pH generally increases herbicide adsorption.
We notice that the leaching from fibre-cement sheets presented a rather independent
pH behaviour. Also, the soil organic matter is the most important factor controlling
the adsorption of terbutryn on oxisols. This could lead to the assumption that a
possible adsorption of terbutryn on the cellulose fibres from the fibre-cement sheets
may be considered. However, no studies were made on the possible adsorption of
this herbicide on the components of construction products and thus, no mechanisms
are yet defined and no complexation constants exist. For modelling we assumed
that the solubility law governed terbutryn behaviour and that it was found in small
quantities in the product.
For the validation of these assumptions, further analytical tests need to be
performed.
Because the fibre-cement sheets are used in the buildings’ envelope, their surface
area is an important scenario parameter. The released quantities of hazardous
species, expressed in mg of substances per kg and per m of product, are presented
in Table 3.11. The release during ANC tests is up to 30 times higher than during the
dynamic test, explained by the aggressive experimental conditions (pH, high contact
product-water and high liquid-solid ratio). A high release of DOC is observed,
which could be the consequence of the decomposition of fibres in the alkaline
environment in the pores, induced by the cement matrix. If compared to their initial
content (see Table 3.8), B, Cu, Mo, Ni and Sr leach in high quantities in the ANC
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test. Still, Ni has not been detected in eluates from DSLT tests, which is in coherence
with the measured concentrations at natural pH (alkaline pH) in ANC eluates.
Table 3.11: Maximum and total release of pollutants, in mg per kg and per m2 of
product, in ANC and DSLT tests (experimental data).
Substance ANC ANC DSLT DSLT DSLT
mg/kg % of TC mg/kg % of TC mg/m2
DOC 573 ND 110 ND 1146
B 22.6 97.84 1.27 5.49 13.64
Cr 7.2 17.15 0.36 0.85 3.49
Cu 19.9 62.38 0.09 0.29 0.94
Mo 1.27 66.09 0.04 1.90 0.37
Ni 1.68 78.79 ND ND ND
Sr 218 113.54 12.8 6.65 128
Terbutryn 0.016 ND 0.009 ND 0.09
Model. The main limitations of the developed model concern the chemistry
of organic compounds in the cement matrix and the possible interactions with
DOC and fibres. Concerning specific organic compounds in cement matrix, the
issue is rather recent and there is no specific literature investigating their leaching
release and modelling. More accurate modelling of this complex system is not
possible without deeper experimental investigations e.g. equilibrium solubility in
pore-water, sorption on fibres and cement phases supported by structural analysis,
etc. Other limits inherent to geochemical modelling concern the availability of
thermodynamic data for specific phases containing minor elements.
Despite the model limitations and the uncertainties in the experimental measure-
ments, in general the developed model was able to predict the measured pollutant
concentration over the entire pH range. Also, a good agreement between experi-
mental and simulated results was observed for dynamic scenarios. The chemical
model represents satisfactorily the ANC test results for the major elements and for
trace elements. It is in agreement with other previously reported models for cement
based materials, the same kind of mineralogical phases are considered. Also, it has
been shown that a significant amount of information can be drawn from the pH
dependent leaching characterisation test.
Long term leaching behaviour. The leaching behaviour of a fibre-cement product
has been numerically simulated for long term exposure to rain water. The coupled
chemical-transport model was developed and validated at laboratory scale. This
model was used together with information concerning natural exposure conditions
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to simulate the leaching behaviour over 1 year. A run-off scenario was considered
(for more details see chapter 4 §3), such that the product stays in contact with
meteoric water over 1 year. The exposure conditions are taken from (Schiopu, 2007).
An average constant flux was considered for the leachate, i.e. rain water. The
simulation was performed on a real-scale sample, i.e. 1.1m× 0.918m× 0.0067m.
The scenario parameters used in the simulation are given in Table 3.12 while the
chemical and transport parameters are presented in Table 3.9.
Table 3.12: Parameters specific for the long term simulation.
Total rain 800L/m2/year
Monthly rain flux 66.67L/m2/month
Sample surface 1.1475m2
Open porosity 0.38 %
Diffusion coefficient 8× 10−12 m2/s
The numerical simulation results over 1 year exposure at field scale in run-off
scenario are shown in Figure 3.12.
Figure 3.12: Leaching behaviour of hazardous species of fibre-cement sheets over 1
year in natural exposure conditions - simulation results.
The pH and concentration of monitored species in leachates was represented
as function of time. Variations over at least one order of magnitude are observed
for almost all chemical species. The cumulative release after 1 year of exposure is
calculated in Table 3.13. It is rather high if compared to the initial total content of
the target elements.
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Table 3.13: Cumulative emissions for potentially hazardous species from fibre-
cement sheets after 1 year in natural exposure conditions - simulation results.









Terbutryn 4.60× 10−4 TC not determined
DOC 21.1 TC not determined
The obtained leaching data can be further used for environmental assessment of
the fibre-cement sheet product. The integration of leaching data in a LCA approach
at building scale is presented in chapter 4 §3.
3.6 Conclusions
The methodology for the leaching behaviour assessment was applied to a fibre-
cement sheet product. At laboratory scale, the use of the proposed leaching tests
allowed the identification of the main chemical and transport mechanisms and
parameters of the leaching process. These data were then used for the development
of a chemical-transport model. However, the experimental setup was not sufficient
for elucidating the mechanisms of fixation/mobilization of specific organic com-
pounds (biocides or other hazardous compounds). The knowledge of the intimate
mechanisms requires specific investigations like the determination of adsorption
isotherms.
The studied material exhibits globally a cement-type leaching behaviour with
respect to the mineral species. Even if present in trace proportions, potentially
hazardous species are released in significant quantities if compared to the total con-
tent. The simulation of upscaled scenarios allows the evaluation of the cumulative
release over long periods and then the integration of leaching data in appropri-
ate environmental assessment methods. This study is the first one dedicated to
fibre-cement construction products.
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4 Organic non-porous product: bitumen membranes
4.1 Introduction
Bitumen membranes are used on flat or nearly flat roofs, most commonly in
commercial application, though they are becoming increasingly more common in
residential application too.
Membrane roofs are made from synthetic rubber, thermoplastic (PVC or sim-
ilar material), or modified bitumen. Modified bitumen sheet membranes were
developed in the early 1960s. They are composed of multiple layers of reinforcing
fabrics (polyester, fibreglass or a composite carrier) that serve as carriers for the hot
polymer-modified bitumen as it is manufactured into a roll material. The modified
bitumen sheets are usually coated with a gravel layer to provide UV protection.
Unlike older roof coverings, which contained coal tar, modern bitumen roof
coverings are made entirely of mineral oil bitumen. Coal tar consists largely of PAH
(Polycyclic Aromatic Hydrocarbon) 104 times more PAH per kg of product than
mineral oil bitumen products. Products containing coal tar have been prohibited
since 1989 and their use declined sharply from the beginning of the 80s when roof
insulation increased.
Besides leaching of PAH, biocides are also susceptible of leaching from bitumen
membranes. Bituminous sealing membranes may be protected against root penetra-
tion by the addition of herbicides (i.e. Mecoprop (Bucheli et al., 1998)), which might
leach at contact with rain water.
The objective of this study was to investigate the leaching behaviour of bitumen
membranes. The difficulties encountered concerned the applicability of the classical
leaching tests (pH dependency and dynamic tests) on the considered product, i.e.
organic, non porous, bituminous, dense.
4.2 Materials and methods
4.2.1 Samples
Two types of leaching tests were performed on a commercial product: a pH
dependency test (ANC) and a dynamic leaching test (DSLT). The ANC test is
normally carried out on crushed material (≤ 1 mm) cf. protocol described in TS
14429 standard. In the case of bitumen products, the crushing procedure led to the
melting of the bitumen and the impossibility of effectively crushing the product. An
attempt to crush the bitumen product was made by using dry ice (carbon dioxide
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in solid phase), however without success. The friction in the mill rapidly heated the
product and caused the melting of the bitumen. Nevertheless, a small quantity of
crushed product could be recovered and used in a simplified pH dependency test.
However, in order to better explain the pH dependency of the bitumen mem-
branes, small samples (1 cm2) were cropped and used in an ANC test; nevertheless,
the contact surface product/leachate is much smaller than for crushed samples.
Monolith samples for the dynamic surface test (18.5 cm× 18.5 cm) were cut out
in order to fit the reactor dimensions. The gravel layer was not removed from the
samples.
4.2.2 Target substances
The preliminary tests, based on the protocol described in chapter 2 §5.1 helped
at defining the list of substances of interest, which were further analysed in the
ANC and DSLT test. The screening analysis (about 30 metals and more than 700
organics see Appendix A) restricted the target substances to a couple of minerals
and organics, as shown in Table 3.14.
Table 3.14: Target substances for bitumen membrane analysed in preliminary leach-
ing tests.
Inorganic Al, Ca, Fe, Mg, Na, SO2–4
Organic
DOC, heavy hydrocarbons, naphthalene, para-tert-octylphenol,
mecoprop (MCPP), 2-methylnaphthalene, fenuron, ethylbenzene,
xylene (ortho, meta, para), formaldehyde, 2-methylphenol,
3-methylphenol, 4-methylphenol, 2-nitrophenol, nonylphenols,
trinexapac-ethyl
DOC (Dissolved Organic Carbon) and the heavy hydrocarbons’ amount have
been analysed in order to evaluate the total organic release. Other organics identi-
fied during the screening can be classified as follows: substances with low toxicity
(e.g. 2-methylnaphthalene), BTEX (e.g. ethylbenzene, xylene), organics with small
solubility in water (e.g. methylphenols) and pesticides (e.g. MCPP, fenuron).
Several organics mentioned above have been detected only in traces or were not
persistent in all eluates (e.g. trinexapac-ethyl, 2-methylnaphthalene), which is why
they were excluded for further testing.
Found on the list of priority substances under the Water Framework Directive
(EC, 2012a), naphthalene and nonylphenols have been analysed in eluates from
ANC and DSLT tests. The biocides Fenuron (CAS No: 101-42-8) and Mecoprop –
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Table 3.15: Analytical methods used for the quantification of target elements.
Substance Method Standard Detection limit
DOC DOC analysis NF EN 1484 0.1mg(C)/L
Heavy hydrocarbons GC EQHYT 50µg/L
Ca




Sulphates IC NF EN ISO 10304-1 1.0mg/L
Al












MCPP (CAS No: 7085-19-0) have been detected in all eluates. MCPP and fenuron
are specific herbicides used in several treatment products, which are applied on
bitumen membranes against root growth (Burkhardt et al., 2011). Formaldehyde
was selected because its presence in eluates could increase the solubility of other
organics.
4.2.3 Analytical methods
The pH and the concentration of each target substance were analysed for eluates
from both equilibrium and dynamic leaching tests. Eluates were first vacuum fil-
tered and then analysed for inorganic and organic species by standardised methods
and with the corresponding detection limits, as seen in Table 3.15.
4.2.4 Leaching tests
A static pH dependency leaching test (ANC test – Acid/base Neutralisation
Capacity test) based on XP CEN/TS 14429 (CEN, 2006) was performed on crushed
samples (see explications above concerning the crushing). This test provides in-
formation on the influence of pH on pollutant release, acid/base neutralisation
capacity and physico-chemical stability of the material. For alkaline solutions we
used NaOH, while for acid solutions we replaced HNO3 solutions, as advised in the
standard, with HCl solutions (because of the strong oxidation character of HNO3
and given the organic nature of the product). Also, in order to prevent microbial
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activity and thus, the deterioration of the concerned organic substances, an inhibitor
(HgCl2) was used (Jouannin, 2004; Hansen et al., 2005; Hansen and Andersen, 2006).
Due to the lack of crushed material, we could not perform the ANC test in tripli-
cate, as advised in the standard. Moreover, the leaching behaviour of the product
was studied only at 4 different values of the pH. The ratio liquid/solid (L/S) was
10L/kg. The pH stabilisation was achieved only after 7 days (Figure 3.13).
Figure 3.13: pH dependency of cropped bitumen samples at different contact times.
Using the same L/S, we performed an ANC on small cropped samples (1 cm2),
and analysed the pH of the leachates during 72 hours in 10 acid/alkaline solutions
and one native pH solution, i.e. demineralised water, without acid or base added.
The dynamic test (DSLT – Dynamic Surface Leaching Test) was carried out cf.
TS 2 from CEN/TC 351 (CEN, 2012b) in special conceived leaching reactors (see
description in chapter 2 §5.3). This test is used to describe time dependency of
leaching of different components. NaN3 was used as inhibitor to prevent microbial
activity. Seen the results from the ANC test and the nature of bitumen (non-
porous, dense monolith), two situations were simulated in duplicate: (i) a high
ratio liquid/solid (L/A) of 10 cm3/cm2 and (ii) a small ratio liquid/solid (L/A) of
5 cm3/cm2.
4.3 Experimental results
The evolution of the pH of cropped samples, i.e. 1 cm2, is shown in Figure
3.13. The native pH stabilises after 3 days at around 7. The ANC performed on
109
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT
crushed samples (equilibrium reached after 7 days) shows a slightly different pH
dependency than cropped samples (see Figure 3.14). The native pH of crushed
bitumen membranes is around 8. Between pH 11 and 6, the pH curve descends
very sharp, followed by a smooth descent till pH 4. A higher buffering capacity
was observed for the crushed product in alkaline conditions, than for the cropped
samples. The phenomenon is opposite under acid conditions.
Figure 3.14: ANC results on crushed samples (≤ 1mm) at equilibrium after 7 days.
During ANC tests, bitumenmembrane released small quantities of DOC, namely
0.012 gC/L, 5 times more than the fibre-cement sheets, but 30 times less than treated
wood. This is surprising because the product is based on organic matter. The release
doesn’t, however, depend on the pH. The leaching of MCPP is also pH independent.
The same pH-independent behaviour was observed for several other substances
(e.g. Mg, Fe). Nevertheless, it should be noted that the pH in the performed ANC
tests on crushed samples ranges between 6 and 12. No information was obtained
for acid pH values.
Eluates from DSLT were analysed only for organic species. The emissions in
two different leaching scenarios, i.e. L/A = 5 cm3/cm2, respectively 10 cm3/cm2,
are presented in Figure 3.15 as variation of concentration with time. Only DOC was
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observed in eluates. The other organics, i.e. naphthalene, MCPP and formaldehyde
were not detected (close to the detection limit).
Figure 3.15: DSLT results.
4.4 Discussion and conclusions
The leaching behaviour of bitumen membranes was investigated only partially.
The study was limited to experimental investigations. Because of the organic struc-
ture of bitumen, we were not able to obtain proper samples for the pH dependency
test, i.e. crushed product. However, the ANC test performed on a small quantity of
crushed material showed a pH independent behaviour for all organic potentially
hazardous species. The second ANC performed on small cropped samples showed
a smaller native pH.
The equilibrium in the case of crushed samples was reached after 7 days, which
is explained by the slow diffusion processes which might take place from the
inner to the exterior of the small crushed samples, considering that the product
is non-porous. For the cropped samples, an equilibrium state was observed after
3 days. Nevertheless, diffusion might be an influent parameter, given the size of
the samples and we expect that the observed results represent rather a wash off
process than a core dissolution /diffusion one. In the case of crushed samples, the
carrier structure (polyester, fibreglass or a composite carrier) was destroyed, while
the cropped samples might be considered as miniature monolith samples, thus, the
diffusion remains a rate controlling step.
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As assumed, bitumen membranes released small quantities of inorganic species,
i.e. Al, Fe, Mg, Ca, Na. The primary source might be the gravel in the upper layer,
meant to offer UV protection.
In what the organic release concerns, although preliminary leaching and ANC
tests permitted to identify some organic biocides (e.g. MCPP, fenuron and naph-
thalene), they have not been found in eluates from DSLT. This could be explained
by the higher liquid to solid ratio (2.5 to 5 times higher than in ANC test). Indeed,
even during ANC tests the concentrations were close to the detection limit. Hence,
dilution makes them undetectable. The concentration of DOC, on the other hand,
has been measured in all eluates from DSLT samples and a slightly higher release
is observed when the ratio leachate/product is higher, i.e. 10 cm3/cm2 (see Figure
3.15).
From this study several conclusions could be underlined.
For this type of products non porous, water repulsive material, such as bitumen,
the most important parameter is the contact surface with water. The leaching
is reduced at wash off since the internal diffusion is expected to be very slow.
Consequently the L/A ratio is an important parameter. In order to observe a
relevant release the leaching test should be adapted by using lower L/A ratios,
and possibly microbial inhibitor when labile organic compounds are involved.
Finally, the difference between ANC and DSLT tests is not obvious since for both
the samples are consolidated pieces. Ideally, a protocol must be developed for an
efficient crushing of such kind of material in order to ensure an intimate contact
and dissolution in ANC test.
This work demonstrates that a horizontal leaching procedure is difficult to
apply for any construction product and that some test adaptations must be foreseen
depending on the material, in order to provide relevant information.
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5 A database for leaching data – LixiBat
This section has been published in the proceedings of the World Sustainable
Building Conference (18 – 21 October, 2011 Helsinki, Finland), with the following
reference:
Lupsea, M., Schiopu, N., Tiruta-Barna, L., Laurent, N., LixiBat - A Database for the
Leaching Characteristics of the Building Products, World Sustainable Building Conference,
2011, Helsinki, Finland
5.1 Introduction
The building during its life stage is responsible for multiple environmental
impacts at local scale (indoor air quality air as transfer vector, water and soil
pollution water as transfer vector). The pollution transfer vector of concern in
this paper is water. The demand regarding the assessment of the environmental
performances of building products placed in real scenarios implying contact with
water is continuously growing. At European scale, this problem has been raised by
the European Commission mandating the European standardisation Committee
(Mandate M/366) in 2005 to start the work on defining experimental methods for
characterising emissions from building products during the stage of service life
(CEN, 2012a).
Recent researches have shown that a large typology of pollutants originated in
building materials is present in the environment’s compartments. Biocidal active
substances are often used in renders and paints for exterior fac¸ade coatings to avoid
growth of fungi and algae (Schoknecht et al., 2009); afterwards they are found
in surface water (Skark et al., 2004; Chevre et al., 2006). The latest research on
the Zu¨rich (Switzerland) sewage show a three times higher concentration than
admitted in biocidal substances (Burkhardt et al., 2011). In Paris (France) the high
level of heavy metals present in the roof runoff water is due to the great number of
metallic roofs (Robert-Sainte, 2009). Many similar results have been proved in other
European countries, such as Netherlands (Gouman, 2004), Sweden (So¨rme et al.,
2001) or Germany (Fo¨rster, 1999).
Started more than 30 years ago, the study on the leaching behaviour of different
building products has provided quite poor exploitable data until now, mainly due
to the difficulty to properly understand the leaching mechanisms and to predict
its long term behaviour. Current literature offers experimental data at laboratory,
pilot and field scale (Schiopu, 2007), as well as numerical data (Schiopu et al.,
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2009), coming from modelling and simulation. Unfortunately these data are hardly
exploitable, being very heterogeneous. Moreover, recent research (Laurent et al.,
2010) showed that the release due to leaching could represent up to 90% of the
whole life cycle water emissions of products. Nevertheless, presently these data are
little or not at all taken into account in the environmental assessment tools, such as
the LCA - Life Cycle Assessment, which are largely used in the construction sector
in order to produce the EPDs Environmental Product Declarations.
Databases and software have already been created to characterise the leaching
behaviour of waste or polluted soil, but none focuses on the leaching phenomenon
of the building products. An example of such a database is LeachXS, created by
the Energy research Centre of the Netherlands (ECN). It is a data base but at the
same time an expert system for characterising and evaluating the environmental
impact of the leaching phenomenon (LeachXS, 2011). The data refers to leaching
experiments mainly made on wastes, in the context of their use as secondary raw
materials (SRM) in the Netherlands.
The objective of our work is to help exploiting the data on the leaching behaviour
of construction products by creating a specific database - LixiBat. This database
should permit an easy access and use, as well as the integration of its content in
different environmental assessment tools, such as LCA or environmental and health
risk assessment methods (see Figure 3.16).
5.2 Methods
The work has started with the collection of data on the leaching behaviour
of different building products in order to cover a wide domain of application
and construct a flexible database. Investigating the gathered data has showed a
high diversity in the type of experiments, exposure conditions, or representation
of results. The building products analyzed can come from different parts of a
building, the results can be expressed in various measuring units (e.g. mg/L,
g/kg, mol/L) and characterize experiments at different scales, under different
exposure conditions. Also, the concerned data can come from numerical models
and simulations of the leaching behaviour of building products. The bibliographic
study showed the existence of a whole variety of leaching data:
- Studies at various scales: laboratory, pilot, field and also numerical simula-
tions;
- Products of different structures: organic, mineral and metallic;
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Figure 3.16: LixiBat and its applications.
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- Various functionalities for the construction products: facade, roof, terrace,
foundation.
Thus, we have classified the source data by:
- building product,
- type of experiment and
- form of results.
Classifying and reusing this data set rises up quite many problems and confronts
difficulties. Taking into consideration the complexity of data that comes from
leaching experiments, we have decided to group this information using a relational
scheme, i.e. to construct a relational database. Such a construction matches data by
using common characteristics found within the data set. The data are organized in
a collection of relations, the so called tables. A relation is defined as a set of tuples
that have the same attributes. A tuple represents an object and the information
about this object. A relation is described as a table, which is organized into rows
and columns. All the data referenced by an attribute are in the same domain and
conform to the same constraints (EC, 2012b). The software used to do the grouping
of a relational database is called a database management system (DBMS). We have
developed the LixiBat database under Microsoft Office Access 2007 as DBMS in
French. Furthermore, we have conceived a graphical user interface to feed the
database and to search information in it, developed in Microsoft Visual C ♯ 2008.
5.3 LixiBat database: an overview
The first step in the construction of LixiBat was to identify all the parameters
that need to be integrated in the database, a stage which is based on the biblio-
graphic research mentioned here above. We have retained the pertinent data for the
characterization of an experiment. Thus, we have organized these parameters in the
following categories: Product, Experiment, Result and Reference. These categories
are briefly described hereafter.
5.3.0.1 Product The building products have numerous characteristics of which
we are interested to define the most relevant for: i) identifying the product, and
ii) interpreting the leaching results. We have decided to associate to the object
“Product” the following attributes: name, shape (i.e. granular or monolith), struc-
ture’s matrix (i.e. mineral, metallic, organic or composite), function, fabricant, age,
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type of aging, porosity, permeability, density, moisture and chemical composition.
The data on the product’s chemical composition allows us to better identify the
product and it gives information about the substances susceptible for emission
by leaching. There are several options to express the chemical composition data
such as: elementary, mineral and organic composition, registered by mass of wet
matter (mg/kg), or mass of dry matter (mg/kg DM), or concentration in the pore
water (mg/L). Information about the methods for the chemical analysis can also be
stored in this section. With each new product introduced in the database, the list of
chemical substances grows, considering a full name, the CAS number, the chemical
formula and the molar mass of the substance. The same list of chemical substances
will be used later for the detailed results, offering the possibility to enlarge it, if the
concerned substance doesn’t yet exist in the database.
5.3.0.2 Experiment This part is the widest section in the LixiBat database. The
information referred to, describes the experimental conditions in detail – data that
is essential for the interpretation of the results. All these parameters have been
classified in the next sub-sections: leachate, atmosphere, sample, experimental
conditions and numerical simulation.
The leachate plays an important role in the leaching phenomenon and there-
fore we have characterized it by attributes that can influence the leaching: pH,
conductivity, oxidation/reduction potential and chemical composition.
The bibliographic research proved the importance of the air quality involved in
the experiment. For example, different pollutants (e.g. SO2, NO2, O3) can contribute
to the acidification of rainwater, which is the main leachate in natural conditions.
In consequence, the chemical composition of the atmosphere is an interesting
parameter for the leaching phenomenon and therefore it has been included in
LixiBat at the section “Atmosphere”.
Once used in an experiment, the building product is reshaped at particular
dimensions or is changed in different ways (crushed, compacted ...), becoming
a sample. The parameters characterizing the sample, essential for the leaching
behaviour are: a binary parameter to define the shape of the sample, i.e. crushed
or monolith, the geometrical surface of contact, the geometrical shape and the
compaction.
The experiment itself is characterized by other parameters, depending on the
scale, i.e. laboratory, pilot or field. The laboratory experiments are defined by the
following attributes: total duration, contact time, temperature, leachate volume,
117
CHAPTER 3. HORIZONTAL LEACHING ASSESSMENT
volume/surface ratio, liquid/solid ratio, agitation. More specific, for the dynamic,
static and percolation experiments at laboratory scale, we have the attributes: static
or dynamic, standard and flow rate of the leachate. On the other hand, for the pilot
experiments in controlled conditions, we can add values for the runoff flow and the
inclination angle. The outdoor experiments, in natural conditions, at pilot or field
scale, have also specific parameters, like: the geographic site, total duration, period
of contact, rainfall, temperature, UV intensity, direction of the wind, inclination
angle of the sample. In case of leaching data coming from numerical simulations,
we need to store the information concerning the numerical model and simulation.
As each simulation is based on a real experiment, the parameters taken in account
are the same as for the corresponding experiment. Still, some extra information
needs to be added: the duration of the simulation (the numerical simulation can
predict the leaching behaviour on a larger time scale than the experiments do), the
type of simulation (static or dynamic), the simulation tool used (e.g. the name of
the software), the simplifications considered in the model.
5.3.0.3 Results Being the target of our study, the information concerning the
results needs to be as complete as possible. First of all, we observe that the results
from laboratory experiments in static conditions are taken only at one moment of
time, while others are taken in more steps, which introduces the term “period”.
Among these results, some are taken under a cumulative form, while others are
pinpointed results (see Figure 3.17).
Figure 3.17: Representation of cumulative and pinpointed periods.
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Cumulative results allow measuring the total quantity of substance that has
leached from the beginning of the experiment up to a certain sampling moment.
The pinpointed results show the evolution of a substance’s concentration in the
leachate, as a function of time. In the studied references, the leaching results are
presented either in the cumulative or noncumulative form. According to this, the
attributes used to define the results differ. Cumulative results are characterized
in LixiBat by the following attributes: surface mass concentration (mg/m2), mass
composition (mg/kg), percentage of the total mass (%), mass and molar concen-
tration for each substance (µg/L, mol/L), cumulated duration (days), cumulated
volume of the leachate and rainfall for each period (L, mm). On the other hand,
noncumulative (or pinpointed) results are defined by the next parameters: mass
andmolar concentration for each substance found in the leachate; duration, leachate
volume, rainfall and liquid/solid ratio in L/kg and cm3/cm2 for each period; pH,
conductivity and oxidation/reduction potential for the leachate.
5.3.0.4 References To prove the pertinence of the data introduced in LixiBat,
and to offer the possibility to search for more details about the concerned data, the
section “References” contains bibliographic references. The attributes character-
izing this section are: author(s), editor (magazine, conference, etc.), title, type of
publication (article, book, report, etc.), volume and year of publication.
To sum up, LixiBat is composed of 35 tables and 225 attributes, defining a
complex database, adaptable to many types of existing leaching experiences (see
Figure 3.18).
5.4 Conclusions and perspectives
LixiBat is a complex database, when regarding its structure, but it is also a
simple to use database, where one can track back a wide range of details concerning
a certain type of leaching behaviour. Covering the experimental, as well as the
numerical aspect of the leaching phenomenon, LixiBat offers exploitable data. The
main advantage of this database is that it is focused on the leaching behaviour of
building products, which makes it more reliable and precise (its structure takes into
account the specificities of the various construction products). Although its structure
is rigid and implies a deep knowledge of the leaching phenomenon, LixiBat is a
flexible database, allowing the introduction of various types of experimental data,
coming from both standardized and non-standardized tests.
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Figure 3.18: LixiBat diagram.
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LixiBat can be used not only for validating new leaching results, but also for in-
tegrating data on the leaching behaviour of building products in the environmental
assessment tools or environmental and health risk assessment methods. Starting
from experimental data from leaching tests in laboratory or natural conditions, one
can use a numerical model to simulate the leaching behaviour of the concerned
building product throw out its service stage period and use the obtained results in
LCA tools for instance. This approach can help, for example, improving the quality
of the EPDs of building products, by providing reliable data, where it is mostly
missing nowadays.
Until now, LixiBat is summing up a total of 226 parameters, assembled into 35
tables from experiments and numerical simulations. Its structure makes it flexible
and adaptable to a wide range of data. At the moment, LixiBat contains leaching
data on more than 50 different building products, data coming from all types of
experiments and simulations. The database is continuously updated, in order
to assemble more and more data about different leaching behaviour of building
products. Our target is to integrate as much leaching data as possible in LixiBat and
to make it a reliable database in its domain, for specific leaching studies and for
integration in the environmental assessment tools like LCA or environmental and
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CHAPTER 4. LEACHING DATA IN ASSESSMENT OF PRODUCTS AND
BUILDINGS
Ce chapitre traite de l’e´valuation de l’impact environnemental des produits
et baˆtiments, en prenant en compte les donne´es de lixiviation. Le de´fi consiste a`
inte´grer les e´missions dans l’eau et le sol pendant la vie en œuvre dans les calculs
d’impact. Une me´thodologie est de´crite dans ce sens.
La premie`re partie consiste en une e´tude de cas sur le bois traite´ CBA a` l’e´chelle
produit. La me´thodologie propose´e pour inclure les donne´es de lixiviation dans
les me´thodes ACV est base´e sur des simulations a` long terme, c’est a` dire des
simulations nume´riques inte´grant des mode`les me´canistiques chimie-transport
pour l’e´valuation des e´missions dans des conditions naturelles d’exposition. Les
donne´es de lixiviation ainsi obtenus sont incluses dans l’inventaire du cycle de vie
(ICV) du produit concerne´. L’impact est e´value´ par une me´thode qui dispose des
indicateurs d’e´cotoxicite´ et toxicite´ humaine, i.e. le mode`le USEtox
TM
. La me´thode
fournie par la norme franc¸aise NF P 01-010 pour l’indicateur pollution de l’eau
(i.e. base´e sur l’approche “volume critique”) a e´te´ e´galement utilise´e. Cette norme
fournit les re`gles harmonise´es pour la re´alisation des e´tudes d’analyse de cycle
de vie des produits de construction conduisant a` l’e´tablissement des Fiches de
De´claration Environnementale et Sanitaire (FDES). Les donne´es relatives aux e´tapes
de la production, transport, fin de vie du produit sont issues d’une FDES d’un
produit e´quivalent a` celui conside´re´ dans cette e´tude.
La deuxie`me partie de ce chapitre poursuit l’exemple en incluant les donne´es
de lixiviation dans l’e´valuation de l’impact environnemental des baˆtiments d’une
e´tude a` l’e´chelle du baˆtiment. Une maison individuelle simplifie´e a e´te´ conside´re´e,
avec l’enveloppe constitue´e de : (i) toiture en plaques fibrociment, (ii) fac¸ade en bois
traite´ CBA et (iii) terrasse en bois traite´ CBA. La maison est mode´lise´e a` l’aide d’un
logiciel conc¸u pour e´valuer les performances environnementales intrinse`ques d’un
baˆtiment durant tout son cycle de vie. Le logiciel ELODIE est utilise´ dans ce travail.
La me´thodologie d’e´valuation a` l’e´chelle baˆtiment est base´e sur le couplage de la
me´thodologie de´crite dans la premie`re partie de ce chapitre (i.e. e´chelle produit)
avec l’Analyse du Cycle de Vie (ACV) a` l’e´chelle baˆtiment – actuellement la me´thode
la plus utilise´e pour l’e´valuation environnementale des baˆtiments.
Plusieurs conclusions peuvent eˆtre tire´es des e´tudes a` l’e´chelle produit et
baˆtiment :
- L’e´valuation environnementale des produits de construction, actuellement
base´e sur l’ACV, peut eˆtre enrichie en conside´rant l’impact des phe´nome`nes
de lixiviation pendant la phase de vie en œuvre. Un exemple de´taille´ a e´te´
donne´ pour le bois traite´ CBA.
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- Une connaissance approfondie des me´canismes de lixiviation est ne´cessaire
afin d’obtenir des donne´es de lixiviation fiables.
- Des me´thodes ade´quates sont indispensables a` l’e´valuation de l’impact. Nous
avons utilise´ ici le mode`le USEtox
TM
pour le calcul des indicateurs e´cotox
et toxicite´ humaine et la me´thode NF P 01-010 pour l’indicateur pollution
de l’eau. Le mode`le Usetox
TM
est conside´re´ par la communaute´ scientifique
comme le meilleur disponible actuellement. La me´thode NF P 01-010 est la
me´thode normalise´e en France et utilise´e largement dans les outils d’e´valuation
environnementale des produits de construction et des baˆtiments.
- Les donne´es d’inventaire doivent eˆtre en corre´lation avec les bases de donne´es
utilise´es par le mode`le d’impact choisi, en ce qui concerne la nomenclature, e.g.
les flux d’inventaire exprime´s sous forme ionique oume´tallique, des compose´s
organiques de´finis individuellement ou par classes de substances. Les flux
simplifie´s (actuellement utilise´ dans les FDES franc¸aises) sont utiles pour des
raisons pratiques, mais difficilement utilisables pour le calcul d’impact.
- Comme de´ja` mentionne´ dans le chapitre 1, faisant la somme des e´missions de
polluants dans l’eau et le sol pendant la phase d’utilisation, i.e. les donne´es
de lixiviation (qui ont un impact local), avec des e´missions pendant les autres
phases du cycle de vie du produit (qui concernent les diffe´rents comparti-
ments d’e´mission et diffe´rentes pe´riodes), est peu pertinent. Ne´anmoins, les
me´thodes ACV actuelles sont restrictives, ne tenant pas compte de la localisa-
tion spatiale des contraintes environnementales.
- L’impact sur toute la dure´e de vie du produit pourrait eˆtre e´value´ par si-
mulation nume´rique. Ne´anmoins, la simulation nume´rique sur plusieurs
anne´es (par exemple 50 ans de dure´e de vie) ne´cessite du temps, des machines
informatiques puissantes et avance´es.
Les deux e´tudes, a` l’e´chelle produit et baˆtiment, ont montre´ que les donne´es de
lixiviation (correspondant a` la phase d’utilisation) ont un impact significatif sur
les indicateurs globaux e´cotoxicite´, toxicite´ humaine et pollution de l’eau, qui sont
e´value´s au cours du cycle de vie complet du produit.
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1 Introduction
This chapter deals with the assessment of the environmental impact of products
and buildings by taking into account the leaching data. The challenge is to include
the emissions to water and soil during use stage in the impact calculations. A
methodology is described in this sense.
The first part considers a case study on CBA treated wood a product scale
study. The proposed methodology for including leaching data in LCA methods is
based on long term simulations, i.e. numerical simulations integrating mechanistic
chemical-transport models for the assessment of the emissions over 1 year in natural
exposure conditions. Leaching data thus obtained is included in the inventory of the
concerned product, along with information characterising all stages of the product’s
life cycle. The impact is assessed by methods considering eco- and human toxicity
indicators, i.e. USEtox
TM
model. Data regarding the production, transport, end of
life stages of the product are taken from the corresponding EPD file.
The second part of this chapter pursues the example by including the leaching
data in the environmental impact assessment of buildings a building scale study. A
simplified single-family house is modelled using a software designed to evaluate
the intrinsic environmental performances of a building over its entire life cycle.
ELODIE software is used in this work. The building scale assessment methodology
is based on coupling the methodology described in the first part of this chapter (i.e.
product scale) with the Life Cycle Assessment (LCA) at building scale – currently
the most used methodology of environmental assessment of buildings.
2 Product scale study
2.1 Introduction and approach
Pollutant release from construction products in contact with water is a current
research subject. The environmental impact of products and buildings is evaluated
by a LCA (Life Cycle Assessment) approach. LCA takes into consideration the
global and local scale issues by using standardised environments for given time
periods and geographic scales, applying generalised modelling tools and data bases.
However the question of a realistic local impact assessment remains open.
At the moment, the emissions to water and soil during the use phase of a product
are not well evaluated, the impact being either underestimated (because of lack of
leaching data), or overestimated (using data from generic data bases).
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The aim of this study is to assess the leaching behaviour of construction products
based on treated wood, in view of including leaching data within a LCA approach.
The proposed methodology is studied on Pinus sylvestris treated with copper-boron-
azole (further called “CBA”).
Wood is widely used in the construction industry. Because it is a natural organic
product susceptible of biodecay and rot attack, a core or surface treatment needs
to be stipulated depending on its application (i.e. in/outdoor exposure, contact
with water, contact with soil, etc.). Previous studies generally report high leaching
rates from treated wood, depending on the type of preservative and exposure
conditions (Lebow, 1996; Schoknecht et al., 2005; Ahn et al., 2010; van der Sloot and
van Zomeren, 2011). This is why the leaching behaviour of treated wood needs
to be evaluated and furthermore included in the LCA approaches of construction
products (based on wood) and at a larger scale, i.e. buildings.
The methodology developed in this study addresses two main aspects: (i)
evaluation of leaching data on treated wood and (ii) coupling of leaching data with
LCA data over the whole use stage of the product. The global methodology is
presented in chapter 2 (see also Figure 2.1).
2.2 Assessment of leaching data on treated wood
As explained in chapter 2 (Figure 2.1), the evaluation of leaching data at real
scale has been carried out through the following steps:
- pH dependency leaching test at lab scale for the definition of the physico-
chemical stability of the material and the pollutant leaching mechanisms,
- development of a chemical model able to describe the pollutant partitioning
between material and water,
- dynamic leaching test performed on monolith samples for the investigation
of the time evolution of the leaching process,
- development of the chemical-transport model able to simulate the leaching
behaviour at lab scale,
- pilot scale tests in which the material is exposed to natural leaching conditions,
- modelling of the leaching behaviour at pilot scale and extrapolation for other
possible exposure conditions, time horizons, etc. - this step should supply the
necessary data for long term leaching behaviour of the product, data which
are compatible with an LCA-type environmental evaluation.
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The first 4 steps have been described in detail in chapter 3 §2.1 and §2.2. The
tests and models carried out at pilot scale (natural exposure conditions) will be
presented here after.
2.2.1 Materials and methods
The purpose of this study is the development of mechanistic models in order
to perform numerical simulations of the leaching behaviour of CBA treated wood
at field scale (i.e. natural exposure conditions and samples at real scale) and long
term (i.e. 1 year). The modelling is based on experimental investigation presented
in detail (samples, leaching tests and pilot experiments) elsewhere (Schiopu, 2007).
However, for a better understanding we recall in a succinct description the materials
and experimental methods previously used by (Schiopu, 2007).
2.2.1.1 Samples and field tests The experimental investigations considered in
this study were performed on Pinus sylvestris samples treated with copper-boron-
azole (CBA). The samples consisted of a commercial wood duckboard, industrially
treated for outdoor use (class 4 corresponding to wood placed horizontally out-
side, in contact with the ground or fresh water), bought on the ordinary market.
The treatment of wood was based on copper, boron and an organic biocide – the
total content in preservative compounds was determined by chemical analysis:
1244mg/kg copper, 93mg/kg boron, 12.5mg/kg azole. This material is noted “A”
in the following.
Field tests were performed at pilot scale samples consisting of slabs of a com-
mercial CBA treated wood product (9.8mm× 40mm× 4mm) material A were
exposed outdoor to rain for one year. Two scenarios for horizontal exposure have
been considered as representative for wood products’ usages during service life:
(i) stagnation and (ii) run-off scenario. The run-off scenario corresponds to a quick
draining of the rainwater whereas in the stagnation scenario rain water remains in
contact with the product for longer periods of time. Despite the fact that the meteo-
rological conditions are the same for both scenarios, the product-leachate contact
conditions are different, i.e. bigger contact surface and longer contact duration in
the stagnation scenario than in the run-off.
We recall here the main parameters of the field test (more details on the experi-
mental protocol and exposure conditions are given in (Schiopu, 2007)):
- Total duration of the test: 1 year (July 2005 July 2006)
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- Location: test field at the CSTB in Grenoble, France
- Total rainfall: 800mm/year.
2.2.1.2 Leaching model at lab scale As mentioned before, the simulation of the
leaching behaviour of CBA treated wood during field tests is based on a coupled
chemical-transport model developed to simulate leaching at lab scale. The chemical
model used for this material is described by (Tiruta-Barna and Schiopu, 2011). It is
based on experimental data from characterisation leaching tests (pH dependency
tests) (Schiopu, 2007). The pH dependency test, or ANC (Acid Neutralisation
Capacity), is performed on crushed material, under aggressive conditions (agitation,
acid and alkaline leachates, high liquid to solid ratio L/S) cf. XP CEN/TS 14429
(CEN, 2006). It provides information on the influence of pH on pollutant release,
acid/base neutralisation capacity and physico-chemical stability of the material.
The chemical model described in (Tiruta-Barna and Schiopu, 2011) considers Cu, Cr
and Zn complexation on the wood surface (via phenol and carboxyl groups of the
lignin and hemicelluloses). Boron release is modelled by the bidentate complex of
boric acid with cellulose. The organic matter in eluates (extractives) is characterised
by a general parameter, i.e. dissolved organic carbon (DOC), which is considered to
participate in acid/base reactions and metal complexation.
The leaching mechanism thus described is used to characterise the chemical
phenomena taking place in the pore water of a monolith sample of the considered
product at contact with water. The transport parameters (diffusion coefficient)
are determined by means of dynamic surface leaching tests (DSLT) performed at
lab scale on monolith samples (according to EN 7375), over 64days. The trans-
port model describing mass transport in porous structure was modelled using an
effective diffusion coefficient of 1× 10−11 m2/s.
2.2.1.3 Development of the leaching model at pilot scale For the development
of the long-term model (simulation of the leaching behaviour over 1 year in natural
exposure conditions), data from the field test obtained with CBA - commercial
samples (material A) were used and the chemical-transport model developed at
lab scale was adapted, considering real exposure parameters. Each scenario (i.e.
stagnation and run-off) was treated separately. For both scenarios (performed under
the same exposure conditions), 34 rainy events were registered. This leaching model
at pilot scale was developed in the current work.
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Stagnation scenario In the stagnation scenario carried out over 1 year, 8 al-
ternating stagnation and rain periods were identified among them 4 consecutive
freeze periods. The diffusion coefficient associated to these 4 periods was replaced
with a smaller value (diffusion in pores of a frozen body is slowed down). The
rain periods correspond to long rain duration or intense rain, when the stagnant
leachate overflows into the collector. The stagnation periods correspond to longer
periods, when no or only short showers were registered and is characterised by
stagnation and partial evaporation of the leachate.
Run-off scenario In the run-off scenario were modelled 34 rainy events, fol-
lowed each by 34 stagnation periods. Each period depends only on meteorological
parameters, i.e. rain or evaporation. The run-off scenario was modelled considering
a film layer consisting of water, which covered the surface of the product.
Simulations on amine-CBA treated wood This material (noted B in the fol-
lowing) is the one extensively studied in the current work (see chapter 3 §2.1 and
§2.2). The introduction of leaching data in an LCA approach requires the knowledge
of the mass fluxes of the released pollutants at real scale. Field leaching measure-
ments are not available for this second material. Simulations of leaching process
were performed for material B considering the exposure conditions of the pilot
setup described here above. By this way the total release of hazardous substances
was evaluated.
More, the simulation results obtained for material B were compared with the
pilot data obtained for material A in order to validate qualitatively (through orders
of magnitude) the developed model at lab scale and to prove its adaptability for
up-scaling.
The main differences between the two types of materials are:
- the treatment was performed at laboratory scale (based on EN 113 standard)
for samples B (see chapter 3 §2.1) and industrially (unknown method) for
samples A,
- the composition of the treatment solution (concentration of active biocides)
was different (the final concentration in wood samples B treated at lab scale
was 3481mg/kg copper, 289mg/kg boron and 179mg/kg tebuconazol),
- the B samples were treated with a formulation based on amines (see details
in chapter 3 §2.1), which it seems not to be the case for material A (material
slightly acid).
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We recall here that the leaching behaviour at laboratory scale of the amine-CBA
treated wood (material B) was investigated and modelled in the current work
(chapter 3 §2.1, (Lupsea et al., 2013a,b)). It takes into account biocides’ interaction
with the wood’s solid structure (lignin, hemicellulose, cellulose) and with the liquid
matrix (wood extractives). Cucomplexation on the wood structure is considered,
as well as complexation with several extractives, e.g. vanillin, carboxylic acids
(octanoic, formic, acetic, maleic). The tebuconazole release is modelled by pH
dependent binding on polarized OH moieties on wood.
The long-term model is based on the same pattern for both materials; the param-
eters for the composition of the product (density, chemical composition, leaching
mechanism) were distinct for each material, while the parameters concerning the
field pilot, i.e. type of water contact, sample geometry, rain events, were the same.
In all scenarios the leachate was modelled as an open stirred reactor with con-
tinuous or discontinuous inflow (rain) and outflow (leachate overflow). For all
scenarios, the geochemical modelling software PHREEQC R© was used with the
Lawrence Livermore National Laboratory (LLNL) thermodynamic database and
additional reactions for specific chemical mechanisms.
2.3 Results and discussion
The simulation results of the leaching from CBA treated wood material A, at
field scale in both scenarios (stagnation and run-off) are shown in Figure 4.1. The
pH and concentration of monitored species in leachates was represented on function
of time. Variations over several orders of magnitudes are observed for almost all
chemical species.
Figure 4.1 shows a good correlation between simulation and experimental data
on material A at pilot scale for both scenarios, i.e. run-off and stagnation. This
proves that the modelling approach combining chemistry and transport, lab and
field scales is reliable.
Simulation results for material B (pH and hazardous substances only) are pre-
sented in Figures 4.1 and 4.2, and compared with those of material B. We notice in
Figure 4.2 that there is a significant difference between the pH in eluates for material
A and B (in simulation results). This can be explained by the alkalinity induced by
the treatment method in case of material B (because of the presence of amines in the
treatment solution and their contribution to the fixation mechanisms of biocides,
e.g. Cu, on the wood structure - see (Lupsea et al., 2013a) for more details on the
leaching mechanisms). In the run-off scenario the pH of eluates from both types
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Figure 4.1: Simulation and experimental results for material A during runoff (in
red) and stagnation (in green) scenarios.
of treatment show a constant value after approximately 300days of exposure. The
pH for both samples reaches a similar value, around 6.5. This behaviour could be
explained by the complete release with time of free amines from material B and of
fatty acids from A and B along with other endogenous compounds and biocides.
The same pH value was observed in eluates from untreated wood, washed with
diluted acids (corresponding to the slight acidity of natural rain water) (Lupsea
et al., 2013a).
Table 4.1 shows the cumulative emissions obtained from simulation of leaching
over one year in stagnation and run-off scenario for both types of treatment.
For both materials, boron leaching during stagnation scenario is more intense
than during run-off, because of the product-leachate contact duration - in run-off
scenario the product is in contact with water only during the rainy event and up to
the evaporation of the film layer from its surface, while in the stagnation scenario
the product is almost constantly in contact with the leachate. Moreover, the contact
surface is higher (double) in the stagnation scenario. Nevertheless, the behaviour in
the first 50days is opposite, i.e. more B leaches in the run-off scenario. This could
be explained by the fact that the first overflow (collection and measurement) during
the stagnation scenario took place only after 45days. Boron is only slightly fixed by
the wood structure (as demonstrated by the leaching tests results and modelling at
lab scale).
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Figure 4.2: pH of eluates from field scale leaching tests over 1 year in stagnation and
run-off scenarios – experimental and simulation for both types of wood treatment.
Copper exhibits opposite behaviours for materials A and B. The emission in
stagnation scenario for material B is particularly high (more than 1 g/m2) if com-
pared to the other cases. At the same time, the leachate pH is also higher for this
scenario (pH above 8). The explanation could be that in the stagnation scenario the
wash off of alkaline and extractive species is more important than in runoff (for the
same reasons as above - case of boron). The behaviour of Cu is strongly dependent
on the pore water pH and extractive concentration. If the total loss of alkaline
and extractives species of pore water is important, especially at the beginning of
the pilot, then Cu mobilization and its release change in time. The concentration
gradient between leachates and porewater at the material interface seems to play an
important role which is difficult to foresee only by qualitative suppositions. Here
the importance of a mechanistic and quantitative model is fully demonstrated.
The cumulative emissions for the active biocides from material B in run-off
scenario and stagnation are given in Table 4.1. These values will be further used in
the assessment of the environmental impact of CBA treated wood products due to
leaching during use stage.
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Table 4.1: Cumulative emissions from CBA treated wood (material B).
Stagnation Run-off
mg/m2/year % from TC mg/m2/year % from TC mg/m2/50 years
Cu 2499 13.14 460 2.42 1033
B 666 42.19 172 10.87 362
Tebuconazole 166 17.02 160 16.40 427
2.4 Integration with LCA
Once the leaching behaviour of a product defined, the next step is the application
of the proposed methodology (chapter 2 §8) to assess the environmental impact of
the potentially hazardous substances released during leaching, i.e. improvement
of the inventory and the impact evaluation methods. We will further discuss both
steps and present a practical application.
We considered for this work the EPD file based on the French standard NF P
01-010 (FCBA, 2011) for a CBA treated Pinus sylvestris product used in exterior
facade works (selections from the FDES file are attached in appendix E).
2.4.1 Inventory analysis in the EPD
The EPD data are used as ground information which is analysed and further
enriched. The methodology proposed in this study for including leaching data in
the EPD (enriching the LCI) implies:
(i) identifying the emission scenario to be considered with LCA framework, i.e.
in which compartment the pollutants are directly emitted by the product
during its utilisation, and
(ii) compiling the leaching and material properties data which aim to evaluate
the pollutant quantities released in real exposure conditions.
Table 4.2 presents an analysis of the inventory data found in the considered EPD
file (FCBA, 2011) for a CBA treated Pinus sylvestris product used in exterior facade
works. Data found in this EPD for water pollution indicator during use phase is
compared to leaching data obtained in this study by numerical simulation, based
on a mechanistic model developed from experimental leaching data obtained at
field scale - see §2.2 in this chapter. From the structural point of view, i.e. type of
wood, treatment composition, density, geometry, we can consider the two products
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Table 4.2: Emissions to water from CBA treated wood (EPDs and leaching data)
during use phase and their contribution in % to the emissions during the whole
lifecycle of the product.
Yearly emissions Yearly emissions Contribution of emissions
during use phasec during whole lifecyclec during use phasec
Leaching data Leaching data
Stagnation Run-off EPDs EPDs Stagnation Run-off EPDs
Unit mg/m2/year mg/m2/year %
Cu 2499 460 80.9 85.3 99.99 99.99 94.84
B 665 172 NCa NCa — — —
Tebd 166 160 23.7b 24.2b 99.99 99.99 97.93
a NC = not considered
b Value corresponding to the entire class “biocides”, counted in the EPD at the indicator
“emissions to soil”
c values per function unit (FU), i.e. g/m2/year
d Teb = Tebuconazole
as being similar. Only biocidal release is considered, with the observation that data
for boron is completely missing from the EPD although it is a biocide contained
in the treatment formulation. Also, in the EPD file, azole (tebuconazole) release is
considered in the “soil pollution” indicator and is calculated in the “biocides” flow.
The first two columns in Table 4.2 refer to simulated data from this study, based
on mechanistic models for leaching under natural exposure conditions over 1 year
(material B stagnation and run-off scenario - see §2.2 in this chapter), while the third
column shows data concerning emissions to water during the use phase, which
is currently integrated in the EPD (FCBA, 2011). In the fourth column we have
summed up emissions to water over the lifecycle, i.e. emissions during production,
transport, construction stage, use stage, end of life - only original data found in
the EPD, expressed on mg/m2/year. Notice that leaching data found in the EPD
is taken from literature (FCBA, 2005; Morsing and Klamer, 2010) corresponding
to experiments performed at field scale on similar products. No leaching tests or
simulations have been performed on the concerned product. The weight of leaching
data in the total emissions to the environment via water, i.e. over the whole lifecycle
of the product, is calculated in columns five, six and seven. For Cu, this means that
emissions currently considered in the EPD during use stage represent 94.84% if
compared to the sum of the emissions during the whole life cycle of the product
(i.e. production, transport, use stage end of life). If however, leaching data obtained
by numerical simulation over 1 year in natural exposure conditions on a similar
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product (i.e. CBA treated wood material B) was considered, emissions during use
stage would represent 99.99%. The 5% difference (between calculation including
and not leaching data) means that the release considered in the EPDs is up to 16
times smaller than the cumulative emissions obtained by numerical methods (based
on field test leaching data). Moreover, if data on copper behaviour (a common
and often studied element) is available, organic biocides, e.g. tebuconazole, are
little referenced and other compounds, such as boron, are completely neglected in
the inventory. More, in the EPD file, the target compartment is not well defined:
the inventory data corresponding to emissions to water are summed with data for
emissions to soil.
In the following, we try to overcome some of the identified shortcomings and
apply the methodology for including the leaching data in the LCI of the chosen
product.
Different leaching/exposure scenarios for the construction products have been
defined in chapter 2 §8, in function of the leaching mechanisms (type of water
contact) involved: (1) sloping plane, (2) horizontal plane, (3) vertical, (4) contact
with soil and (5) works completely immersed in water. We recall here that these
exposure scenarios lead to leachates which are emitted:
- directly into the soil beneath or surrounding the product, or
- directly or indirectly (after treatment) into water bodies (groundwater, river,
sea, ...).
Depending on the architecture and type of building, water comes in contact with
the product in different ways, e.g. stagnation, run-off. The chosen EPD corresponds
to the run-off scenario. For the definition of target compartments, we will consider
only the leaching scenario in which the stormwater goes directly into the soil.
Storage at household is not considered here, the following calculations will be
based on the maximizing hypothesis that the entire quantity of released substances
during rainwater-product contact (in run-off scenario) is rejected directly in soil.
An impediment in the process of enriching the EPD inventory file is the nomen-
clature of existing data, defined in (AIMCC, 2009). For practical issues the flows
have been simplified, i.e. substances have been grouped in categories, e.g. poly-
cyclic aromatic hydrocarbons, heavy metals, copper and its compounds, etc., and
associated conversion factors. For example, the category “nitrogen compounds
(in N)” contain (the conversion factor in N is marked in parenthesis): ammonia
(0.82), nitrite (0.31), nitrate (0.23), methylamine (0.45), etc. Nevertheless, reducing
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the number of input variables in the inventory (the fluxes) involves difficulties in
the following step which is the impact evaluation. For example, the simplified
flux “polycyclic aromatic hydrocarbons” covers a wide range of substances (e.g.
anthracene, naphthalene, phenanthrene, benzo(a)pyrene, pyrene, etc.), each being
characterised by a certain toxicity factor, somemore, others less toxic e.g. the charac-
terisation factor for anthracene is 100 times smaller than the one for benzo(a)pyrene.
Thus, if no specifications are given in the inventory considering the exact constituent
identified in the emissions to water and soil, the evaluation of the impact can be
mistaken. Another aspect concerns the speciation of metals. The neutral metallic
form and ionic forms are not equivalent with respect to toxic and ecotoxic effects
and therefore the impact calculation methods require more precision in the flux
definition. We translated the inventory in the EPD with the nomenclature imposed
by the chosen impact assessment method, USEtox
TM
for instance (see below). The
EPD and the enriched inventory, with the new nomenclature are given in Table 4.3.
The inventory is translated in EPD terms and in USEtox
TM
terms in the first two
columns. The flows considered for the maximising and the minimising scenarios
are marked in third, respectively fourth column. Several flows are considered in
both scenarios (there was no ambiguity in the nomenclature used in the EPD). The
emissions to water and soil during production, transport, use phase and disposal,
expressed in g of substances per functional unit (FU), i.e. 1m2 of product over 1 year,
are presented for all flows considered in the EPD file, along with the corresponding
USEtox
TM
nomenclature. Because no data was found in the EPD for this stage of the





















































Table 4.3: Inventory data for emissions to water and soil during production, transport, use phase and disposal, expressed
in g of substances emitted per FU, i.e. 1m2 over 1 year.
EPD flows USEtox
TM
flows MAXa MINb Production Transport Use phase** Disposal
Water em. Soil em. Water em. Soil em. Soil em. Soil em. Water em. Soil em.
1yr 50yr
Al and compounds Fosetyl-aluminium x 3.03e-02 0 2.15e-06 6.36e-05 0
As and compounds Arsenic (III) x 4.42e-05 7.90e-08 1.80e-07 7.20e-10 5.84e-07 4.74e-10
Cd and compounds Cadmium (II) x x 5.60e-06 1.26e-08 3.00e-07 3.26e-13 2.52e-07 2.14e-13
Cr and compounds Chromium (III) x 1.25e-03 3.71e-06 1.05e-06 9.02e-09 3.65e-06 5.94e-09
Chromium (VI) x
Cu and compounds Copper (II) x 4.36e-03 9.78e-07 6.08e-07 1.66e-12 4.60e-01 2.07e-02 4.54e-07 1.09e-12
Sn and compounds Stannane, tetrachloro- x 8.05e-06 2.25e-09 6.74e-12 1.28e-10 0
Fe and compounds Sulf. ac., iron (2+) salt x 7.09e-02 1.27e-03 5.30e-05 3.60e-06 2.32e-04 2.37e-06
Hg and compounds Mercury (II) x x 1.93e-06 2.79e-10 1.79e-09 6.00e-14 1.51e-08 3.96e-14
Ni and compounds Nickel (II) x x 1.89e-03 9.60e-08 1.04e-06 2.48e-12 5.86e-07 1.64e-12
Pb and compounds Lead (II) x x 6.71e-05 1.14e-07 2.08e-07 7.56e-12 2.08e-06 4.98e-12
Zn and compounds Zinc (II) x 2.61e-04 5.86e-06 1.81e-06 2.70e-08 1.28e-05 1.78e-06
Cl compounds - organic Allyl chloride x x 3.54e-06 1.06e-08 1.28e-06
-CN and compounds* 1.33e-04 9.42e-07 4.02e-07
Cl compounds - inorganic* 9.62e-01 2.21e-01 1.20e-01
Cl compounds (not specified)* 2.01e-04 2.68e-06
F compounds - inorganic* 1.36e-03 4.55e-06 1.65e-06
P compounds Phosphate, trimethyl- x x 4.65e-03 1.79e-06 8.27e-05
N compounds Hydrazine x 1.06e-02 5.34e-04 5.64e-03
Methyl amine x
PAH Anthracene x 1.50e-05 5.55e-06 1.51e-06
Benzo(a)pyrene x
Heavy metals (not specified) Barium (II) x 6.86e-05 7.20e-08 5.32e-05
Berillium (II) x
Biocides Cypermethrin 5.62e-04 6.96e-06 2.57e-06
Teflubenzuron x
Suspended solids* 5.58e-02 1.39e-03
Hydrocarbons (not specified) Benzene x 2.12e-02 1.21e-03
Metals (not specified)* 2.12e-01 1.07e-03
Tebuconazol x x 1.60e-01 8.53e-03
* Flows in EPD which did not have a correspondent in the USEtoxTM data base
** Leaching data, i.e. emissions to soil during use stage: data from 1 year simulation, and average data for 1 year calculated from cumulated
emission at 50 years
a Flows selected for the maximising scenario (highest characterisation factor between substances from the same category)
b Flows selected for the minimisation scenario (smallest characterisation factor between substances from the same category)
140
CHAPTER 4. LEACHING DATA IN ASSESSMENT OF PRODUCTS AND
BUILDINGS
Another aspect is the life span considered in the EPD and its coherence with the
emission data. In the studied case, the EPD considers a RSL of 50 years. The LCI
includes data over the entire RSL, reduced to the FU which can be “1m2 and 1 year”
or “1m2” (over RSL).
Figure 4.3: Cumulative emissions from CBA treated wood at field scale over one
year in stagnation and run-off scenario simulation for treatment type A and B.
As already discussed in chapter 1 §3, emissions from construction products over
several years (e.g. RSL) are not constant in time - depending on the product, the
release is more significant during the first days/months of contact and it decreases
after several months/years. Moreover, in the current discussed case study on
treated wood we notice that the emissions (in run-off and stagnation scenario) after
1 year are significant (see Table 4.1), e.g. 40% from the total content in boron is
released in the stagnation scenario after 1 year. Multiplying these emissions by
50 years would largely exceed the initial total content. For this reason, including in
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the inventory the cumulative emission over 1 year and multiplying it by the RSL
(e.g. 50 years) is a maximising hypothesis rather incorrect. Numerical simulations
over the RSL should provide more precise information concerning the total release.
Nevertheless, it was not possible to run simulations over 50 years in the case of CBA-
amine treated wood due to the duration and convergence problems encountered
in the numerical simulation. The complexity of the chemical model proved to
be a determining factor. However, in Figure 4.3 the cumulated release tends to
stabilize after ca. 250days, the increase is rather limited or follows a constant slope.
Thus, we used extrapolation on the simulated leaching data in order to evaluate the
cumulated release at 50 years. The values determined by this method are presented
in the last column in Table 4.1. This data was included in the inventory divided by
the RSL, corresponding to an average release per FU (i.e. 1 year).
For resume: in our scenario, the emission compartments are: the soil for all life
cycle stages of the construction product (data from EPD and our leaching simulation
for the use stage), and water for production, transport, construction and end of
life stages. For the use stage, the released quantity of pollutant to the environment
corresponds to the calculated cumulative emissions over the RSL (by extrapolation
from 1 year simulated data) reported to the FU.
2.4.2 Impact categories and evaluation methods (LCIA)
In the French EPD, the impact is assessed by applying the critical volumemethod
on the obtained flows. Finally an impact indicator called “water pollution” gives the
volume of water (m3) needed to dilute the emissions to water and soil down to the
ICPE limits (ICPE, 2008). In soil, the mobility of the leached substances (including
hazardous ones) depends on multiple physicochemical and biological factors. By
different transport mechanisms in soil, the pollutants can reach groundwater or
surface waters (Lebow, 1996). The bioavailability and the effects of the pollutants
on leaving organisms have to be considered. It is clear that the “critical volume”
method is not proper for the assessment of the environmental impact of leaching
from construction products. More reliable indicators which account for the effects
of the target pollutants could be eco- and human toxicity indicators, developed in
recent impact assessment methods. Thus, the next step is to choose the relevant
impact categories and evaluation methods.
Life Cycle Impact Assessment (LCIA) aims to improve the understanding of
the relative importance of the individual emissions in lifecycle inventories. The
toxic/ecotoxic impact is obtained by using a weighted summation of the released
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pollutants of a product system with help of characterisation factors, i.e. multiplying







mx,i × CFx,i (4.1)
where IS represents the impact score, e.g. for human toxicity expressed in
[cases]; CFx,i the characterisation factor of substance x released to compartment
i [cases/kg] and mx,i the emission quantity of x to compartment i (the quantities
listed in Table 4.3).
The question which remains is which method to apply for the calculation of the
characterisation factors. A characterisation model calculates substances-specific
characterisation factors that express the potential impact of each elementary flow
(in the inventory) in terms of the common unit of the category indicator.
Several methodologies have been published that account for fate, exposure
and effects of substances and provide cardinal impact measurements. Among
these methods used with the LCA method we recall: IMPACT 2002 (Jolliet et al.,
2003), CML (Guine´e et al., 2002), Eco-Indicator 99 (Goedkoop et al., 1998), EDIP
(Hauschild and Wenzel, 1998). In 2005, a comprehensive comparison of life cycle
impact assessment toxicity characterisation models was initiated by SETAC (Society
for Environmental Toxicology and Chemistry) (Rosenbaum et al., 2008). The pro-
gramme within this initiative aimed to establish recommended methodologies and
guidelines for the different impact categories and consistent sets of characterisation
factors. A quantitative comparison has been conducted on seven existing LCIA
models to identify the most influential parameters and reasons for differences be-
tween models finally, USEtox
TM
model was developed. A recent study (Hauschild
et al., 2013) performed for the Joint Research Centre of the European Commission
(JRC) has identified USEtox
TM
as being the preferred choice for the evaluation of eco-
and human toxicity impact of released substances to the environment. This method
calculates characterisation factors for human toxicity and freshwater ecotoxicity. A
database of chemical properties was set up for as many chemicals (inorganic and
organic) as possible for which characterisation factors can be computed. It includes
data concerning physico-chemical properties, toxicological data on laboratory an-
imals as a surrogate to humans and ecotoxicological effect data for freshwater
organisms. We recall some of its features:
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- It uses nestedmultimedia models to model chemical fate and human exposure,
considering urban, continental and global scales.
- USEtox
TM




model considers three impact indicators: (i) human toxicity can-
cer, (ii) human toxicity non-cancer and (iii) ecotoxicity for chemical emissions
to urban air, rural air, freshwater, sea water, agricultural soil and/or natural
soil. The unit of the characterisation factor for freshwater aquatic ectoxicity
is PAF/m3/day/kg emission (Potentially Affected Fraction) and for human
toxicity is “cases/kg emission” both summarised as Comparative Toxic Unit
(CTU).
For the assessment of the impact of the considered product in the before men-
tioned leaching scenario (emissions to water and soil) we used the SimaPro R© LCA
sofware with the USEtox
TM
(v1.01) model for the calculation of the characterisation
factors.
As explained in the previous paragraph, the EPD inventory contains categories
of substances (see Table 4.3, first column). Their direct use with the LCIAmethods is
impossible. In order to overcome this fault, categories which covered a wide range
of substances were represented by the substances with the highest, respectively
the smallest characterisation factor. For example, in the case of “heavy metals
(not specified)” (nomenclature in the EPD), the value of the flow was associated to
barium for the minimising case simulation (barium has the smallest characterisation
factor in USEtox
TM
) and to beryllium for the maximising case simulation. So, a
sensitivity analysis was realised allowing to obtain the maximum and the minimum
impact.
The graphs in Figure 4.4 show the evaluation results for our material (CBA-
amine treated wood): the contribution of emissions to water and soil for each
phase (production, transport, construction stage, use stage and end of life) in the
considered impact indicators. Both calculation methods are compared, (i) “1 year
simulation”, i.e. inventory data corresponding to use stage per FU is taken from
numerical simulation over 1 year in natural exposure conditions and (ii) “1 year
average”, i.e. inventory data for the use stage is obtained by an average of the
emissions over 50 years of use, obtained extrapolation of the release simulated over
1 year. As explained in §2.4.1 (in this chapter), the use phase is characterised only by
leaching data, while production, transport, construction stage and end of life were
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Figure 4.4: Impact assessment results for maximising and minimising simulations
(leaching data is calculated from (i) simulation over 1 year – noted 1 year simulation;
(ii) average data, i.e. extrapolation of simulation data over 50 years of use - noted 1
year average).
considered with the original EPD data. Emissions during the construction stage
were all null in the original document, thus the impact of this stage is zero. For both
simulations (maximising and minimising the impact), the human toxicity cancer
and non-cancer impact is highest during the production phase, while the impact
due to the use stage, transport and end of life is null or very small. On the other
hand, the ecotoxicity impact is the highest during the use stage (≈ 93%, respectively
60% for “1 year average”, data compared to the other stages). This is due to the
high characterisation factor and high release of copper, i.e. 100 times more than
during production phase. The production, transport and end of life have a small
ecotoxicity impact. An important difference is observed between the maximising
and minimising simulations, which accounts only for the production, transport
and end of life stages, given that the flux corresponding to the use stage was not
subject to nomenclature changes (the inventory for use stage corresponds to our
leaching data and was precisely translated in the USEtox nomenclature). Human
145
CHAPTER 4. LEACHING DATA IN ASSESSMENT OF PRODUCTS AND
BUILDINGS
toxicity (cancer) and ecotoxicity indicators are up to 103, respectively 102 higher in
the maximising scenario than in the minimizing scenario.
2.5 Conclusions
The proposed methodology enriches the current EPDs considering the impact of
leaching process during the product use phase. We showed how it could be applied
on French EPDs (built based on the NF P 01-010 standard). However, it could be
also used for EPDs based on, for example, the European standard EN 15804.
Integrating leaching data in the inventory flows is based on leaching tests and
simulations. A deep knowledge of the leaching mechanisms is necessary. In the
test bed case presented (CBA-amine treated wood - material B), the leaching data
were obtained through the following steps : (i) laboratory leaching tests ANC and
DSLT; (ii) chemical and transport model developed at labscale; (iii) real leaching
scenario simulation. We considered here only the run-off scenario. Other exposure
scenarios could also be stipulated (e.g. vertical exposure, products in contact with
soil or groundwater) depending on the product utilization. The assessment of the
impact needs proper tools. We used here the USEtox
TM
model for the eco- and
human toxicity evaluation. For the calculation of eco- and human toxic impact a
thorough nomenclature needs to be used (in what concerns organic and inorganic
emissions). The considered flows should be correlated with the databases used by
the chosen impact model. Simplified flows as currently used in the EPDs are useful
for practical reasons, but rather inappropriate for impact calculation, as shown in
the example above. Depending on the impact method used, the inventory needs to
be detailed (as in the case of USEtox
TM
) or could be simplified (as in the case of the
critical volume method). In order to solve this problem, a detailed and a simplified
inventory should be available.
In what the NF P 01-010 EPDs concerns, new indicators should be assessed.
The currently used indicator “water pollution” is useful for the harmonisation of
exiting EPDs. However, it is not relevant for a proper assessment of eco- and human
toxicity impacts, as it does not take into consideration the pollutants fate and effects.
The emission scenario (target compartment) needs to be well defined in order to
choose a suitable impact model.
Finally, we observed that the leaching process dynamics is specific for a sub-
stance and a product and consequently the emissions to the target compartment
(e.g. soil in the considered scenario) are dynamic over long time periods. The
dynamic aspect should be accounted in the impact modelling as well. The existing
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impact models used in LCA methodology do not yet take into account the dynamic
features of the coupled emission, fate, exposure and effect phenomena. This is a
subject that needs further investigation.
3 Building scale study
3.1 Introduction
The assessment of environmental building performances is of high interest in the
construction sector. As for product level, Life Cycle Assessment (LCA) is the most
used method to address the environmental impacts at building level too. It models
a product’s life cycle, documenting energy and material flows entering or leaving
the product system, and assessing the associated environmental burdens. As stated
before, see chapter 1, several European projects dealing with LCA and buildings
have been conducted over the past few years; the most recent is the EeBGuide
project (EeBGuide, 2012), which provides rules and instructions on how to conduct
LCA studies of construction products and energy-efficient buildings.
Several LCA-based tools have been already developed in this direction, e.g.
ECOSOFT (Austria) (ECOSOFT, 2012), Eco-bat (Switzerland) (ECO-BAT, 2013),
GaBi-Build-IT (Germany) (GaBi, 2013), SBS (Germany) (SBS, 2013), ELODIE (France)
(CSTB, 2002), EQUER (France) (EQUER, 2010), COCON (France) (EQUER, 2007),
GreenCalc+ (The Netherlands) (GreenCalc+, 2010), EcoEffect (Sweden) (EcoEffect,
2008), envest 2 (UK) (everest, 2013), BEES (USA) (BEES, 2009).
The objective of this study is to develop a methodology for the integration of
leaching data in the environmental assessment at building scale. The building scale
assessment methodology is based on coupling the methodology described in the
first part of this chapter (i.e. product scale) with the Life Cycle Assessment (LCA) at
building scale - currently the most used methodology of environmental assessment
of buildings. The methodology is applied on a simplified single-family house by
using ELODIE software.
3.2 Approach and methods
Developed by the CSTB, ELODIE (CSTB, 2002) is a tool based on the Life Cycle
Approach (LCA), built for the assessment of the environmental impacts of buildings.
ELODIE uses Environmental Products Declarations (EPDs) provided by manufac-
turers in the INIES database (Association HQE, 2009), integrating contributory
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elements, such as energy and water consumptions, transport of users (in line with
the French standards NF P01-010 (AFNOR, 2000) and NF P01-020 (AFNOR, 2005)).
The output of the tool is an environmental multicriteria profile of the building.
The calculation model used in ELODIE is based on the quantification of the
flow’s balance (contributory elements). The model considers the sum of the impacts
of various flows as material and products, as energy and water consumptions (see
Figure 4.5) (Chevalier et al., 2010).
Figure 4.5: Scheme of the model used in ELODIE for the evaluation of the environ-
mental performance of buildings (CSTB, 2002).
The quantification of the contributory element “product and materia” is based
on the French EPDs, i.e. FDES, hosted by the free access database INIES (Associ-
ation HQE, 2009). FDES files contain 10 environmental indicators to evaluate the
environmental impact of a product, as shown in chapter 1, Table 1.2.
Leaching data (if present) concerns only the indicator “water pollution” used in
the FDES. This indicator is calculated using the critical volume method conform
the NF P01-010 standard.
Nevertheless, ELODIE includes additional indicators (see Table 4.4) for eco- and
human toxicity. For more explanation why these indicators are the most adequate
for the assessment of the impact due to emissions to water and soil, see §2 and
the case study on CBA treated wood. Moreover, the EPDs and the LCA tools (at
product and building scale) are in a constant development. For example, currently
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the European standards EN 15804 and EN 15978, at product, respectively building
scale, consider eutrophication potential (expressed in kg PO3–4 eq.) as mid-point
indicator. This indicator is also included in ELODIE (Table 4.4).
Thus, the final results in ELODIE, concerningwater and soil emissions (including
leaching data during use stage) are expressed by the following indicators:
- water pollution in m3 and calculated by the critical volume method, c.f. NF
P01-010),
- ecotoxicity in PAF/m3/day and calculated by the USEtox method, consid-
ering characterisation factors for chemical emissions to urban air, rural air,
freshwater, sea water, agricultural soil and/or natural soil),
- human toxicity, cancer and non-cancer expressed in DALY and considering
the human exposure model used by the USEtox method).
The midpoint characterisation is expressed in Comparative Toxic Unit (CTU), i.e.
cases (/kgemission) for human toxicity and PAF/m
3/day (/kgemission) for ecotoxicity.
(Hauschild et al., 2013) suggest that the transition from midpoint to endpoint char-
acterization can be done by applying average severities for cancer and non-cancer,
as proposed by (Huijbregts et al., 2005), i.e. an adjustment of 11.5 disability life
years for cancer, expressed in DALY/case and 2.5DALY/case for non-cancer. This
method is, however, not mature yet. Still, according to (Hauschild et al., 2013) this
is the best suggested method up to now. In what the ecotoxicity indicator concerns,






















































Table 4.4: Input parameters for ELODIE, regarding the indicators for the considered products, with and without leaching
data included.
Fibre-cement sheets CBA treated wood
Indicator Source/Method Unit/FU Total with Total Total with Total
min max without min max without
Energy consumption FDES MJ 311 10.9
Resource depletion FDES kg Sb eq 36 0.000885
Water consumption FDES L 80 1.07
Hazardous waste FDES kg 0.03 0.000494
Climate change FDES kg CO2 eq. 25 -0.375
Atmospheric acidification FDES kg SO2 eq. 0.108 0.00102
Air pollution FDES m3 1 358 26.7
Water pollution SimaPro/MatFrance m3 3.87 3.65 0.51 0.29
Human toxicity, cancer SimaPro/USEtox DALY 3.66e-08 3.84e-08 6.03e-13 9.05e-11 1.39e-08 9.05e-11
Human toxicity, non-cancer SimaPro/USEtox DALY 1.86e-10 1.92e-10 5.70e-11 1.66e-09 1.68e-09 1.65e-09
Ecotoxicity SimaPro/USEtox PAF/m3/day 0.92 0.99 0.02 0.94 1.66 0.33
Eutrophisation SimaPro/MatFrance kg eq. PO3–4 0.99 0.03
Destruction of stratospheric ozone layer FDES kg CFC eq. 0 3.47e-11
Formation of photochemical ozone FDES kg ethylene eq. 10.6 0.000139
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Figure 4.6 presents the method for integrating leaching data at product scale
into ELODIE framework at building scale.
The proposed methodology was studied on a simplified individual single-family
house. The house was modelled using the ELODIE software, with the parameters
presented in Table 4.5. In the simplified simulation, only the envelope (outdoor
use components) of the building was considered in order to evaluate the impact of
leaching data.
Table 4.5: Parameters characterising the building modelled with ELODIE tool.
Parameter Value
Reference service life 100 years
Terrace in CBA treated wood 74.12m2
Outdoor use components Roof in fibre-cement sheets 166.87m2
Facade in CBA treated wood 332.15m2
The environmental impact calculations, based on the methodology developed
in this study (see Figure 4.6) followed several steps:
- The cumulative emissions per FU for the considered products were calculated
from leaching data obtained in this study by extrapolation over the whole RSL.
Leaching data was obtained by numerical simulation over 1 year in natural
exposure conditions (for CBA treated wood see chapter 3 §2, for fibre-cement
sheets see §3). The FU used in the corresponding FDES files is 1m2 over 1 year
for treated wood and 100m2 over 1 year for fibre-cement (wood boards have
an effective surface smaller than 1m2, while one fibre-cement sheet covers
more than 1m2).
- The inventory given in the FDES files (i.e. (Eternit, 2003) for fibre-cement
sheets and (FCBA, 2011) for CBA treated wood, both attached in appendix D
and E) was enriched with emissions to water and soil during use stage, for
both products, i.e. cumulative emissions calculated in the previous step (over
the RSL of the products) were divided by the RSL and an average release per
FU (1 year) was integrated with FDES inventory data.
- The impacts were calculated using the SimaPro
TM
tool, i.e. the USEtox
TM
model for eco- and human toxicity impacts and the critical volume method
(also used in the EPD and known as MatFrance in SimaPro
TM
) for the water
pollution indicator. Two scenarios were considered: (i) with leaching data
included and (ii) without leaching data. Moreover, as discussed in §2, taking
into consideration the lack of information concerning the nomenclature of
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Figure 4.6: Methodological scheme for including leaching data in the assessment of
the environmental performances of buildings with ELODIE.
152
CHAPTER 4. LEACHING DATA IN ASSESSMENT OF PRODUCTS AND
BUILDINGS
pollutants in the inventory, two subscenarios were considered in the first
scenario (i.e. with leaching data included): a maximising and a minimising
scenario.
- The human toxicity (cancer and non-cancer) indicators were expressed in
DALY, as discussed before.
- The final values for the four indicators concerning the emissions to water and
soil during use stage, i.e. water pollution, ecotoxicity, human toxicity cancer
and non-cancer, were included in ELODIE for the three considered scenarios:
(i) with leaching data included maximising scenario, (ii) with leaching data
included minimising scenario and (iii) without leaching data. The other
indicators, e.g. energy consumption, resource depletion, water consumption,
climate change, etc, were considered from the associated FDES files for each
product.
The values included in ELODIE for all indicators and per product are given in
Table 4.4.
3.3 Results and discussion
The impacts at building scale simulated with ELODIE are presented in Figure
4.7 and Table 4.6. As expected, the emissions to water and soil during the use stage
have an important weight in the overall process comparing the orange and blue
lines with the red line in Figure 4.7. For example, leaching data increases the impact
in ecotoxicity and water pollution with approximately 91 %, if considered in the
inventory. If comparing the maximising and the minimising scenarios (orange and
blue lines in Figure 4.7) a high discrepancy is noticeable for the human toxicity
cancer impact, i.e. in the maximising scenario the impact due to leaching data
represents 99 % from the impact due to emissions during the whole lifecycle of the
product and 62 % in the minimising scenario. This is explained by the difference
in the characterization factors of different pollutants considered in the inventory,
namely: chromium (Cr6+ has a higher impact factor than Cr3+), arsenic, PAH (an-
thracene has a smaller characterisation factor than benzo(a)pyrene), biocides and
hydrocarbons On the other hand, the differences between the maximising and min-
imising scenario corresponding to human toxicity non-cancer impacts have similar
values the evaluation of the human toxicity non-cancer impact considered mainly
fluxes which didn’t suppose a minimising or maximising scenario (e.g. copper,
which is included in the inventory of the FDES as ionic copper and in the same
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Figure 4.7: Environmental impact of the modelled house comparison of three
simulations with ELODIE: (1) in red without leaching data, (2) in orange with
leaching data included maximizing scenario and (3) in blue with leaching data
included minimising scenario.
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Table 4.6: Impact of emissions to water and soil at building scale and weight of
leaching data in the global impact.
Indicator Unit With Without Leaching data %
MIN MAX MIN MAX
Water pollution m3 1.6 1.6 9.70e-01 39.38 39.38
Human toxicity, cancer DALY 7.60e-10 4.40e-08 2.90e-10 61.84 99.34
Human toxicity, non-cancer DALY 5.23e-09 5.30e-09 5.20e-09 0.57 1.89
Ecotoxicity PAF/m3/day 3 5.2 1 66.67 80.77
form in the USEtox inventory). Nevertheless, other products, implying a different
inventory, might have a different behaviour.
The comparison between the two scenarios at building scale, i.e. with and
without leaching data included is given in percentage in Table 4.6.
A sensitivity analysis was performed on the leaching data considered in the
inventory. The impact was evaluated in two cases:
1. Emissions per FU were allocated the cumulative release over 1 year, obtained
by numerical simulation,
2. Average emissions per FU were calculated by dividing the cumulative release
over the RSL (calculated by extrapolation of the release during 1 year).
The two scenarios (with both maximising and minimising inventory) are pre-
sented in Figure 4.8. As expected, the impact is higher when using an inventory
based on leaching data over 1 year, than when using an inventory which considers
average emissions. Indeed, if the emissions over 1 year are multiplied by the RSL,
the release of all pollutants largely exceeds the total content of the product. A
particularly high difference is observed for the ecotoxicity and water pollution
indicators, where the impact calculated using the emissions after 1 year is 10 times
higher than when using average leaching data.
3.4 Conclusions
The environmental impact at building scale was assessed on a single family
house using the simulation tool ELODIE. The impact was evaluated for the enve-
lope of a simplified house model (outdoor use components), in order to study the
influence of the emissions to water and soil during the use stage, characterised
by leaching data. The used methodology is based on leaching data obtained by
numerical simulations of mechanistic chemical-transport models, which were de-
veloped using experimental characterisation leaching tests. Four impact indicators
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Figure 4.8: Sensitivity study on inventory data in ELODIE : (1) in red without
leaching data, (2) in orange with average leaching data included maximizing
scenario, (3) in light blue with average leaching data included minimising scenario,
(4) in green with leaching data after 1 year minimising scenario and (5) in blue with
leaching data after 1 year maximising scenario.
have been calculated to assess the impact due to emissions to water and soil during
use stage, i.e. water pollution, ecotoxicity, human toxicity cancer and non-cancer.
In order to study the sensitivity of the inventory data (in what the nomenclature
regards), two scenarios have been considered: (i) a maximising scenario and (ii) a
minimising scenario. The comparison of the results for the minimising and max-
imising scenarios shows that a correct and proper inventory is important. The
overall results prove that the contribution of leaching data in the global tox/ecotox
impact can represent up to 99%.
4 Conclusions
The objective of this chapter was to include leaching data in the environmental
impact of products and buildings. The proposed methodology is based on numeri-
cal simulations of the leaching behaviour of construction products. The assessment
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at building scale considers the sum of the impacts of all considered products. At
product scale the methodology was studied on CBA treated wood. At building
scale a simplified single-family house was considered, with the envelope consisting
of: (i) roof in fibre-cement sheets, (ii) facade in CBA treated wood and (iii) terrace in
CBA treated wood.
Several conclusions could be drawn from the case studies at product and build-
ing scales:
- The environmental assessment of products currently based on LCA could be
enriched considering the impact of leaching process during the product use
phase. A detailed example was given for CBA treated wood.
- A deep knowledge of the leaching mechanisms is necessary in order to obtain
proper leaching data.
- Adequate methods are indispensable for the assessment of the impact. We
used here the USEtox
TM
model for the eco- and human toxicity evaluation,
presently considered as the best available.
- The inventory data needs to be correlated with the databases used by the
chosen impact model from the point of view of the nomenclature, e.g. inven-
tory flows expressed in ionic or metallic form, organic compounds defined
individually or in classes of substances. Simplified flows (currently used in
the EPDs) are useful for practical reasons, but rather inappropriate for impact
calculation.
- As already mentioned in chapter 1, summing up emissions of pollutants to
water and soil during use stage, i.e. leaching data (which have a local impact),
with emissions during the other phases of the product’s life cycle (which
concern different emission compartments and different time spans) is rather
incorrect. Nevertheless, current LCA methods are restrictive, not considering
the spatial location of the environmental burdens.
- The impact over the whole reference service life (RSL) of the product could be
assessed by numerical simulation. If the study focuses on the impact of emis-
sions to water and soil, or on pollution during use stage, or if the emissions to
water and soil during use stage are significant, the methodology developed
in this study, based on numerical simulations of the leaching behaviour of
products in natural exposure conditions, is more adequate. Nevertheless, a
numerical simulation over several years (e.g. 50 years of service life) is time
demanding and powerful and advanced computing machines are necessary.
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- Both studies, at product and building scale, showed that leaching data (cor-
responding to the use stage) has a significant impact in the global eco- and




Any construction product undergoing contact with water during its use stage is
susceptible of pollutant release. However, these emissions to water and soil are not
well evaluated in the current assessment procedures.
The current study had two main objectives:
(I) Evaluation of the leaching behaviour of some classical construction products
(without waste included);
(II) Development of a methodology for the integration of leaching data in the
LCA approach of construction products and buildings.
In order to respond to the first objective, a study methodology was proposed
based on laboratory leaching tests and mechanistic modelling applied on selected
construction materials.
The main construction products, used for the buildings’ envelope, which come
into contact with water (products used for the roofing, fac¸ade, terraces and in
foundations) were identified and classified in function of the structure and nature
of the material. Preliminary leaching tests helped at identifying three interesting
products (widely used, different matrix types, containing potentially hazardous
substances) for the methodology application: CBA treated wood, fibre-cement
sheets and bitumen membrane.
The experimental work was based especially on two laboratory leaching tests
representative for a horizontal approach compatible with monolithic materials.
These tests are:
1. The static pH-dependency leaching test (ANC): it helps at characterising the
leaching chemical mechanisms.
2. The dynamic surface leaching test (DSLT): it supplies information concerning
the time dependency of leaching of different pollutants (transfer, kinetic
mechanisms).
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The experimental work showed that their application to treated wood and
fibre-cement materials is appropriate, while the application to bitumen membrane
encountered practical difficulties due to the material properties (impossibility to
thinly crush the material and achieve dissolution equilibrium).
These tests together supply the necessary information for the leaching mech-
anism understanding and modelling. A coupled chemical-transport model was
developed for CBA treated wood and fibre-cement sheets. The main achievement
in this part of the study was the development of a leaching mechanism for CBA
treated wood and fibre-cement sheets, taking into consideration the inorganic and
organic compounds. In the case of treated wood, biocide (copper, boron, tebu-
conazole) dynamic leaching was modelled for the first time considering a coupled
chemistry-transport model, aiming at understanding the intimate leaching mecha-
nism of mineral and organic compounds. Concerning the fibre-cement sheets, the
experiments revealed the leaching of the pesticide terbutryn, believed to be added
as a treatment for the cellulose fibres included in the product. Bitumen membranes
proved to be an atypical product, due to its mechanical properties: high density,
non porous, temperature dependent structure. No numerical simulation could be
performed for this product.
The second objective of the study was to develop a methodology for the inte-
gration of the leaching data in LCA tools. The proposed methodology requires the
following steps:
1. Identification of the emission scenario to be considered within LCA frame-
work, i.e. in which compartment are the pollutants directly emitted by the
product during its use (emission scenarios).
2. Improvement of the Life Cycle Inventory (LCI) with leaching data, i.e. consid-
ering leaching data with the inventory flows corresponding to emissions to
water and soil during use stage.
3. Life Cycle Impact Assessment (LCIA) using the new enriched inventory and
appropriate methods, i.e. calculation of water pollution, eco- and human
toxicity indicators.
The methodology was applied for the environmental impact assessment of a
simplified individual single-family house. Two of the selected products were used
for the case study, i.e. CBA treated wood and fibre-cement sheets. Leaching data
obtained from simulations over 1 year under natural exposure conditions were
used in the LCI and further interpreted by impact calculation. The respective
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French EPDs were used for the individual product evaluation (for other impact
indicators during the other phases of the life cycle). The impact of leaching data at
building scale was assessed using the ELODIE software. The construction products
addressed in this study were included with enriched inventory concerning the
emissions of pollutants during use stage. The USEtox
TM
model was used to assess
the impact for ecotoxicity and human toxicity (cancer and non-cancer), which are
the main consequences of the pollutant emissions by leaching. Also, the method
proposed by the French standard NF P 01-010 was used for the indicator “water
pollution”.
The main conclusion of this part is that the impact of leaching data can represent
up to 90% of the impact due to emissions to water and soil during the whole life
cycle. This was observed for both eco- and human toxicity indicators. Moreover,
the same study was performed on the “water pollution” indicator, widely spread
in current EPDs (e.g. the French FDES) and the same trends were observed. The
global contribution of the use stage to the product or building life cycle impacts
cannot be generalized or extrapolated from a material to another since it strongly
depends on the material’s physical-chemical properties. These properties have
crucial repercussions on the leaching behaviour and pollutant emission. Therefore,
the long term leaching behaviour should be carefully assessed and for doing this,
powerful tools like modelling and simulation could be used.
Concerning the feasibility of the use stage integration in the French EPDs (FDES),
several limitations were identified:
- an ambiguous consideration of the emission compartment (water or soil) for
all life cycle stages of a product;
- too generic classes of substances (metals, biocides, etc), making impossible a
proper evaluation of the environmental impacts;
- eco- and human toxicity indicators are missing; they should be considered
in addition to or instead of more general categories like “water pollution”
(expressed in m3).
Perspectives
The perspectives raised by this study concern: (i) leaching tests, (ii) innova-
tive construction products, (iii) dynamic LCA approach and (iv) building scale
assessement.
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Leaching from classical construction products has not been extensively consid-
ered up to now. Once the horizontal test methods proposed by CEN TC 351 vali-
dated, a higher interest in leaching evaluation of construction products is expected.
This study showed that modelling of the leaching behaviour is of high importance
in environmental assessment (or risk assessment) of construction products and
buildings. In this sense, the chemical background of the leaching phenomena taking
place in the pores of the material is fundamental. The development of the leaching
mechanism for each type of matrix is based on pH dependency tests. In this study
we performed the experiments based on the XP CEN/TS 14429 standard which
describes experimental approaches for the evaluation of the leaching behaviour
of waste. Nevertheless, construction products have various types of matrixes and
difficulties might come up in some particular cases (e.g. crushing of bitumen mem-
branes). For leaching mechanism identification, a useful approach would be the
standardisation of specific tests for different types of construction products taking
into consideration their specificities (porous/nonporous, metallic, composites, etc.).
Besides the products tested in this study, many other construction products
need to be regarded. As in the case of the release of terbutryn from fibre-cement
sheets, potentially hazardous substances could be released by leaching, substances
of which we are not aware. Moreover, innovative products should be also taken
into consideration, for example construction products containing nanomaterials.
Despite the high costs of production, companies use more andmore nanotechnology
to add special characteristics to product surfaces. Nanotechnology can enforce the
mechanical characteristics of products, such as stain-resistance, colour durability,
self-cleaning, improved hardness, scratch-resistance, corrosion, UV resistance and
improved thermal performances. Nevertheless, hazardous aspects of exposure
to nanoparticles should be taken into consideration. Leaching of nanoparticles is
imminent. Leaching tests and analysis methods should be adapted for nanoparticles
and the environmental and risk assessment should be taken into account.
The methodology presented in this study for the coupling of leaching data and
LCA considers the cumulative emissions over the whole use stage of the product.
Nevertheless, the dynamic character of the leaching phenomena is largely proved
and should be included in the evaluation. But the temporal aspects are missing
in conventional LCA which could be considered as ideal simplification of the real
phenomena. The temporal aspects in LCA are very little studied so far, further
researches and methodological developments will be necessary.
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Once the leaching behaviour and impacts of individual construction products are
assessed, the passage to building scale can raise several difficulties. The chemical-
physical system is more complex. Eluates which contain released substances from a
construction product become leachates for the next subsystem, e.g. eluates from the
roof are leachates for the facade. Adapted experiments and models are needed in




Tous les produits de construction qui arrivent en contact avec l’eau me´te´orique
pendant la phase de vie en œuvre sont susceptibles de relarguer des substances dan-
gereuses. Toutefois, ces e´missions dans l’eau et le sol sont peu prises en compte dans
les approches actuelles d’e´valuation environnementale des produits de construction
et des baˆtiments.
La pre´sente e´tude a deux objectifs principaux :
(I) L’e´valuation du comportement a` la lixiviation de diffe´rentes typologies des
produits de construction ;
(II) Le de´veloppement d’une me´thodologie pour l’inte´gration des donne´es de
lixiviation dans l’approche ACV - Analyse de Cycle de Vie des produits de
construction et des baˆtiments.
Afin de re´pondre au premier objectif, une me´thodologie d’e´tude, base´e sur des
essais de lixiviation a` l’e´chelle laboratoire et sur des mode`les m e´canistiques, a e´te´
propose´e.
Les principaux produits de construction utilise´s pour l’enveloppe des baˆtiments
(produits utilise´s pour la toiture, la faade, les terrasses et dans les fondations) ont
e´te´ identifie´s et classe´s en fonction de leur structure et de la nature du mate´riau.
Des essais de lixiviation pre´liminaires ont e´te´ mene´s en guise d’aide aux choix des
produits pour la suite de l’e´tude (identification des produits qui relarguent des
substances potentiellement dangereuses). En fonction de la repre´sentativite´ sur le
marche´, la typologie de la matrice et du relargage des substances potentiellement
dangereuses, trois produits de construction ont e´te´ se´lectionne´s pour la suite de
l’e´tude : le bois traite´ CBA, la plaque fibrociment et la membrane bitumineuse.
Le travail expe´rimental a e´te´ base´ essentiellement sur des essais de lixiviation a`
l’e´chelle laboratoire, repre´sentatifs pour l’approche horizontale d’e´valuation :
1. Les essais statiques de de´pendance du pH (ANC) : ils contribuent a` la ca-
racte´risation des me´canismes chimiques des phe´nome`nes de lixiviation.
2. Les essais dynamiques pour produits monolithe (DSLT) : ils permettent d’ob-
tenir des informations supple´mentaires sur la dynamique de relargage, sur le
me´canisme de diffusion dans les pores du produit et/ou sur le transfert de
masse (convection) a` la surface du monolithe.
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Les travaux expe´rimentaux ont montre´ que ces essais sont adapte´s pour les
produits a` matrice poreuse (bois traite´ et plaque fibrociment), mais peu adapte´s
pour la membrane bitumineuse –produit a` matrice non poreuse et hydrophobe.
Ces essais ont permis d’acque´rir les informations ne´cessaires a` la compre´hension
du me´canisme de lixiviation et au de´veloppement des mode`les num e´riques. Un
mode`le couple´ chimie-transport a e´te´ de´veloppe´ pour le bois traite´ et pour la plaque
fibrociment. La principale re´alisation dans cette partie de l’e´tude consiste dans le
de´veloppement des mode`les me´canistiques de´crivant les me´canismes de lixivia-
tion pour le bois traite´ CBA et la plaque fibrociment, en conside´rant les compose´s
inorganiques et organiques. Dans le cas du bois traite´, la dynamique de relargage
des biocides (cuivre, bore, t e´buconazole) a e´te´ mode´lise´e pour la premie`re fois
en se basant sur un mode`le couple´ chimie-transport de´crivant les me´canismes
physico-chimiques de lixiviation de compose´s mine´raux et organiques. En ce qui
concerne la plaque fibrociment, les expe´riences ont re´ve´le´ la pre´sence du biocide
terbutryne dans les e´luats. Ce biocide est probablement utilise´ pour le traitement
de fibres cellulosiques lors des e´tapes amont dans la fabrication du produit. Pour la
membrane bitumineuse, les donne´es d’entre´e pour le de´veloppement du mode`le
me´canistique n’ont pas pu eˆtre obtenues a` l’aide des essais horizontaux. Ces essais
sont peu adapte´s pour les produits a` matrice e´quivalente a` la membrane bitumi-
neuse, i.e. matrice non poreuse a` haute densite´ et hydrophobe. Aucune simulation
nume´rique n’a e´te´ effectue´e pour ce produit.
Le deuxie`me objectif de l’e´tude a e´te´ de de´velopper une me´thodologie pour
l’inte´gration des donne´es de lixiviation dans les outils ACV. La me´thode propose´e
suit les e´tapes suivantes :
1. L’identification des sce´narios d’e´missions, i.e. dans quels compartiments sont
e´mis les polluants lors de la phase de vie en œuvre du produit ;
2. Ame´lioration de l’inventaire de cycle de vie (ICV) avec des donne´es de lixivia-
tion, i.e. prendre en compte les donne´es de lixiviation dans les flux d’inventaire
correspondant aux e´missions dans l’eau et dans le sol pendant la phase de vie
en œuvre ;
3. E´valuation de l’impact en utilisant l’inventaire enrichi et des me´thodes appro-
prie´es (LCIA) pour le calcul des indicateurs pollution de l’eau, e´cotoxicite´ et
toxicite´ humaine.
La me´thodologie a e´te´ applique´e pour l’e´valuation de l’impact environnemental
d’une maison individuelle simplifie´e. Deux des produits se´lectionne´s ont e´te´ utilise´s
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pour cette e´tude de cas, i.e. le bois traite´ CBA et la plaque fibrociment. Les donne´es
de lixiviation obtenues a` partir de simulations du comportement a` la lixiviation
dans des conditions naturelles d’exposition sur un an ont e´te´ utilise´es dans l’ICV et
ensuite interpre´te´es par le calcul de l’impact. Les donne´es pour les autres e´tapes du
cycle de vie des produits sont issues des Fiches de De´claration Environnementale
et Sanitaire (FDES) disponibles dans la base de donne´es franaise de re´fe´rence sur
les caracte´ristiques environnementales et sanitaires des produits de construction
(INIES). A l’e´chelle b aˆtiment, les e´valuations ont e´te´ mene´es a` l’aide du logiciel
ELODIE. Le mode`le USEtox
TM
a e´te´ utilise´ pour le calcul des indicateurs e´cotoxicite´
et toxicite´ humaine (cancer et non-cancer). Pour le calcul de l’indicateur pollution
de l’eau la me´thode de la norme franaise NF P 01-010 (base´e sur l’approche volume
critique) a e´te´ utilise´e.
La principale conclusion de cette partie est que l’impact des donne´es de lixivia-
tion peut repre´senter jusqu’a` 90% de l’impact d aux e´missions dans l’eau et le sol
pendant toute la dure´e du cycle de vie du produit. Ceci a e´te´ observe´ pour les trois
indicateurs calcule´s. Cependant, cette conclusion ne peut pas eˆtre ge´ne´ralise´e ou
extrapole´e d’un produit a` un autre, car le comportement a` la lixiviation de´pend
fortement des proprie´te´s physico-chimiques des mate´riaux. L’e´valuation du com-
portement a` la lixiviation a` long terme ne´cessite des outils puissants tels que la
mode´lisation me´canistique et la simulation nume´rique.
En ce qui concerne la faisabilite´ de l’inte´gration des impacts environnementaux
dus a` la lixiviation dans les FDES, plusieurs limites ont e´te´ identifie´es :
- la conside´ration ambigu¨e du compartiment d’e´missions (eau, sol) pour toutes
les e´tapes du cycle de vie d’un produit ;
- les classes ge´ne´riques des substances (me´taux, biocides, etc.), ce qui rend
impossible une e´valuation ade´quate des impacts environnementaux a` l’e´chelle
locale ;
- l’absence des indicateurs e´cotoxicite´ et toxicite´ humaine ; ils devraient eˆtre
conside´re´s en comple´ment ou a` la place de l’indicateur pollution d’eau.
Les perspectives de cette e´tude concernent : (i) les tests de lixiviation, (ii) les
produits de construction innovants, (iii) l’approche ACV dynamique et (iv) l’e´chelle
baˆtiment. Jusqu’a` pre´sent, les donne´es de lixiviation ont e´te´ peu prises en compte
dans l’e´valuation environnementale des produits de construction. Une fois les
me´thodes d’essai horizontales propose´es par le CEN TC 351 valide´es (validation
pre´vue pour 2013), un inte´reˆt plus e´leve´ est attendu. Cette e´tude a montre´ que
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la mode´lisation du comportement a` la lixiviation a une grande importance dans
l’e´valuation environnementale des produits de construction et des baˆtiments. En ce
sens, la compre´hension des me´canismes de relargage est fondamentale. Les essais
de lixiviation viennent en appui a` cette de´marche de compre´hension. Cependant,
pour certaines typologies de produits (e.g. la membrane bitumineuse), les essais
actuellement disponibles (e.g. l’essai de d e´pendance de pH) ne permettent pas de
re´pondre a` cet objectif. L’ide´al serait le de´veloppement d’essais adapte´s a` diffe´rentes
typologies de matrices (non poreuse, hydrophobe, me´tallique, composites, etc.).
En plus des produits teste´s dans cette e´tude, de nombreux autres produits de
construction doivent eˆtre conside´re´s. Comme le relargage inattendu d’un biocide
(i.e. terbutryne) par les plaques fibrociment, des substances potentiellement dange-
reuses pourraient eˆtre e´mises par d’autres produits de construction. En outre, des
produits innovants devraient e´galement eˆtre pris en conside´ration, par exemple des
produits de construction contenant des nanomate´riaux. Malgre´ les co uˆts e´leve´s de
production, les entreprises utilisent de plus en plus la nanotechnologie par exemple
pour ajouter des caracte´ristiques spe´ciales a` la surface des produits (e.g. l’auto-
nettoyage, la re´sistance aux rayures, a` la corrosion, etc.). Ne´anmoins, la lixiviation
des nanoparticules est imminente. Les m e´thodologies et les outils d’e´valuation
environnementale (les essais de lixiviation, les me´thodes d’analyse) devraient eˆtre
adapte´s a` cette typologie de produits.
La me´thodologie pre´sente´e dans cette e´tude pour l’inte´gration des donne´es de
lixiviation dans les e´valuations environnementales des produits et des b aˆtiments
conside`re les e´missions cumule´es sur toute la phase d’utilisation du produit. Ne´anmoins,
le caracte`re dynamique des phe´nome`nes de lixiviation est largement prouve´ et
devrait eˆtre inclus dans l’e´valuation. Les aspects temporels manquent dans les
approches ACV utilise´es couramment et du de´veloppement me´thodologique est
ne´cessaire a` ce sujet.
Une fois le comportement a` la lixiviation et les impacts des produits de construc-
tions e´value´s, le passage a` l’e´chelle baˆtiment peut soulever quelques difficulte´s.
Le syste`me physico-chimique est plus complexe. Les e´luats qui contiennent des
substances e´mises par un produit de construction peuvent devenir des lixiviats
pour le prochain sous-syste`me, par exemple les e´luats de la toiture peuvent devenir
des lixiviats pour la faade. Des essais et des mode`les adapte´s sont ne´cessaires dans
ce cas, le couˆt et la complexite´ augmentent. Jusqu’a` pre´sent, aucune tentative de
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A list of all substances (ionic species and organics) analysed within the screening
tests performed in this study is given below. The analythical methods used, as well
as the detection limits, along with the corresponding CAS number are listed.
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Chromatographie ioniqueAcidemonochloroacétique 5 µg/l1465
Acidephosphoreux (2894)
Methode interneselon ISO 10304-1Acidephosphoreux (H3PO3) 0.1mg/l
Acrylamide (2645)
HPLCMSMSEN DIRECTAcrylamide 79-06-1 0.1 µg/l1457
AgentsdeSurface-Détergent(Eau) (350)
NFEN 903Agentsdesurface (COFRAC) 20 µg/l1444
Alcools (356)
GCFID1 Butanol 71-36-3 10 µg/l2595
GCFID2 Butanol 78-92-2 10 µg/l2570
GCFID2Methyl 1 Butanol 137-32-6 10 µg/l2577
GCFID3Methyl 1 Butanol 123-51-3 10 µg/l2590
GCFID2Methyl 2 Butanol 75-85-4 10 µg/l2582
GCFIDEthanol 64-17-5 50 µg/l1747
GCFID2 Ethyl Hexanol 104-76-7 10 µg/l2574
GCFIDMéthanol 67-56-1 500 µg/l2052
GCFID1 Pentanol 71-41-0 100 µg/l2598
GCFID2 Pentanol 032-29-7 10 µg/l2584
GCFID3 Pentanol 584-02-1 10 µg/l2587
GCFID1 Propanol 71-23-8 10 µg/l2617
GCFID2 Propanol 67-63-0 10 µg/l2585
GCFID2Methyl 1 Propanol 78-83-1 10 µg/l2579
GCFID2Methyl 2 Propanol 75-65-0 10 µg/l2583
Alkylphénols (2628)
GCMSNonylphénols 25154-52-3 0.040 µg/l1957
GCMS4-n-nonylphénol 104-40-5 0.040 µg/l1958
GCMSOctylphénol 1806-26-4 0.040 µg/l1959
GCMSPara-nonylphénol 25154-52-3 0.040 µg/l2971
GCMSPara-tert-octylphénol 140-66-9 0.040 µg/l1959
GCMS4-ter-butylphénol 98-54-4 0.040 µg/l2610
Aluminium (ICP) (Al) (369)
NFEN ISO 11885Aluminium (Al) (COFRAC) 5 µg/l1370
Amines (2577)
Chromatographie ioniqueDiéthylamine 109-89-7 25 µg/l2826
Chromatographie ioniqueDiméthylamine 124-40-3 25 µg/l2773
Aminotr iazole (2507)
CMO_MT08Aminotriazole (COFRAC) 61-82-5 0.05 µg/l1105
Ammoniac non Ionisé (378)
CalculAmmoniac non ionisé (NH3) 0.005mg/l1351
Ammonium (380)
NF T 90 015-2Ammonium (NH4) (COFRAC) 0.05mg/l1335
Anhydr ideCarbonique libre (408)
InfrarougeAnhydridecarbonique libre 5mg/l1334
Anilineset dichloroanilines (409)
GCMS2-Chloroaniline 95-51-2 0.02 µg/l1593
GCMS3-Chloroaniline 108-42-9 0.02 µg/l1592
GCMS4-Chloroaniline 106-47-8 0.02 µg/l1591
GCMSChloroanilines total (sommedes3 isomères) 0.02 µg/l
GCMS4-Chloro 2 nitroaniline 89-63-4 0.02 µg/l1594
GCMS2,3 Dichloroaniline 608-27-5 0.02 µg/l1590
GCMS2,4 Dichloroaniline 554-00-7 0.02 µg/l1589
GCMS2,5 Dichloroaniline 95-82-9 0.02 µg/l1588
GCMS2,6 Dichloroaniline 608-31-1 0.02 µg/l1587
GCMS3,4 Dichloroaniline 95-76-1 0.02 µg/l1586
GCMS3,5 Dichloroaniline 626-43-7 0.02 µg/l1585
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GCMSMétaldéhyde 108-62-3 0.05 µg/l1796
Métaux par ICP/MS(21) (2855)
NFEN ISO 17294-2Antimoine (Sb) 7440-36-0 1 µg/l1376
NF EN ISO 17294-2Argent (Ag) 7440-22-4 1 µg/l1368
NF EN ISO 17294-2Arsenic (As) 1 µg/l1369
NF EN ISO 17294-2Baryum (Ba) 1 µg/l1396
NF EN ISO 17294-2Beryllium (Be) 1 µg/l1377
NF EN ISO 17294-2Bore (B) 2 µg/l1362
NF EN ISO 17294-2Cadmium (Cd) 0.5 µg/l1388
NF EN ISO 17294-2ChromeTotal (Cr) 1 µg/l1389
NF EN ISO 17294-2Cobalt (Co) 1 µg/l1379
NF EN ISO 17294-2Cuivre (Cu) 1 µg/l1392
NF EN ISO 17294-2Etain (Sn) 1 µg/l1380
NF EN ISO 17294-2Molybdène 1 µg/l1395
NF EN ISO 17294-2Nickel (Ni) 1 µg/l1386
NF EN ISO 17294-2Plomb (Pb) 0.5 µg/l1382
NF EN ISO 17294-2Sélénium (Se) 2 µg/l1385
NF EN ISO 17294-2Tellurium (Te) 2 µg/l2559
NF EN ISO 17294-2Thallium (Tl) 0.5 µg/l2555
NF EN ISO 17294-2Titane (Ti) 1 µg/l1373
NF EN ISO 17294-2Uranium (U) 0.5 µg/l1361
NF EN ISO 17294-2Vanadium (V) 1 µg/l1384
NF EN ISO 17294-2Zinc (Zn) 1 µg/l1383
Microcystines (HPLCMS) (soustraitance) (2675)
Microcystines2058
Microscystines (ELISA) (soustraitance) (2722)
TechniqueELISAMicrocystine intraet extracellulaire 0.16 µg/l
TechniqueELISAMicrocystineextracellulaire 0.16 µg/l
TechniqueELISAMicrocystine intracellulaire 0.16 µg/l
Molybdène (ICP) (Mo) (1561)
NFEN ISO 11885Molybdène (Mo) (COFRAC) 7439-98-7 5 µg/l1395
Nickel (ICP) (Ni) (1619)
NFEN ISO 11885Nickel (Ni) (COFRAC) 7440-02-0 5 µg/l1386
Nitrates (1626)
NFEN ISO 10304-1Nitrates (COFRAC) 1mg (NO3) /l1340
Nitr ites (1632)
NFEN 26777Nitrites (COFRAC) 0.02mg (NO2) /l1339
Nitrotoluènes (1636)
HPLCDAD2,6 Dinitrotoluène 0.050 µg/l1577
OrganohalogénésvolatilsOHV ISO 10301 (2014)
NFEN ISO 10301Dichloropropane2,2 0.2 µg/l2081
NF EN ISO 10301Bromochlorométhane (COFRAC) 74-97-5 0.2 µg/l1121
NF EN ISO 10301Bromoforme (COFRAC) 75-25-2 0.2 µg/l1122
NF EN ISO 10301Chloroforme (COFRAC) 67-66-3 0.2 µg/l1135
NF EN ISO 10301Chloropropane2 75-29-6 2 µg/l2695
NF EN ISO 103012-Chloroprène (COFRAC) 126-99-8 3 µg/l2611
NF EN ISO 10301Chloroprène3 (chlor.d'allyle) (COFRAC) 107-05-1 0.3 µg/l2065
NF EN ISO 10301Dibromomonochlorométhane (COFRAC) 124-48-1 0.2 µg/l1158
NF EN ISO 10301Dibromométhane (COFRAC) 74-95-3 0.2 µg/l1168
NF EN ISO 10301Dibromoéthane1,2 (COFRAC) 106-93-4 0.2 µg/l1498
NF EN ISO 10301Dichlorobenzène1,2 (COFRAC) 95-50-1 0.2 µg/l1165
NF EN ISO 10301Dichlorobenzène1,3 (COFRAC) 541-73-1 0.2 µg/l1164
NF EN ISO 10301Dichlorobenzène1,4 (COFRAC) 106-46-7 0.2 µg/l1166
NF EN ISO 10301Dichloromonobromométhane (COFRAC) 75-27-4 0.2 µg/l1158
NF EN ISO 10301Dichlorométhane (COFRAC) 75-09-2 10.0 µg/l1168
NF EN ISO 10301Dichloropropan-2-ol 1,3 96-23-1 50 µg/l2696
NF EN ISO 10301Dichloropropane1,2 (COFRAC) 78-87-5 0.2 µg/l1655
NF EN ISO 10301Dichloropropane1,3 (COFRAC) 142-28-9 0.2 µg/l1654
NF EN ISO 10301Dichloropropylène1,1 (COFRAC) 563-5-8-6 0.2 µg/l2082
NF EN ISO 10301Dichloropropylène1,3 (COFRAC) 542-75-6 0.2 µg/l1487
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Titane (ICP) (Ti) (2145)
NFEN ISO 11885Titane (Ti) (COFRAC) 7440-32-6 5 µg/l1373
Tr ibutylphosphate (2570)
GCECDTributylphosphate 126-73-8 0.02 µg/l1847
Tr ichlorophénols (2455)
GCMSPentachlorophénol 87-86-5 0.05 µg/l1235
GCMS2,3,4 Trichlorophénol 15950-66-0 0.05 µg/l1644
GCMS2,3,5 Trichlorophénol 933-78-8 0.05 µg/l1643
GCMS2,3,6 Trichlorophénol 933-75-5 0.05 µg/l1642
GCMS2,4,5 trichlorophénol 95-95-4 0.05 µg/l1548
GCMS2,4,6 Trichlorophénol 88-06-2 0.05 µg/l1549
GCMS2,3,4,6 tétrachlorophénol 58-90-2 0.05 µg/l1274
Tr itium (soustraitance) (2543)
Tritium 2 Bq/l2098
Tungstene (ICP) (W) (2210)
NFEN ISO 11885Tungstène (W) (COFRAC) 5 µg/l2797
Turbidité (NTU) (2213)
NFEN ISO 7027Turbidité (NTU) (COFRAC) 0.1 NTU1295
Turbidité (NTU) sur place (2788)
NFEN ISO 7027Turbidité (NTU) sur place 0.1 NTU1295
Uranium (ICP) (U) (2227)
NFEN ISO 11885Uranium (U) (COFRAC) 7440-61-1 5 µg/l1361
Vanadium (ICP) (V) (2237)
NFEN ISO 11885Vanadium (V) (COFRAC) 7440-62-2 5 µg/l1384
Zinc (ICP) (Zn) (2274)
NFEN ISO 11885Zinc (Zn) (COFRAC) 7440-66-6 2 µg/l1383
Zirconium (Zr) (ICP) (2277)




Biocide leaching from CBA-amine
treated wood
1 Theoretical background copper fixation in wood
In solution monoethanolamine (Mea) coordinates with copper to form mono-
valent, divalent and neutral Cu−Mea complexes with different metal-ligand sto-






0 (Jiang, 2000; Zhang and Kamdem, 2000; Lee and Cooper, 2010;
Mettlemary, 2011). The stability of these complexes depends on ionic strength and
temperature. Neutral complexes dominate under basic conditions (pH above 10)
and are relatively stable (log of the stability constant K, i.e. ratio between com-
plex and dissociated form, is around 20) whereas monovalent complexes are less
stable (log K for [Cu−Mea2-H])
+: about 1.5) and therefore its reactivity is higher
(Mettlemary, 2011). Divalent complexes can be formed while the pH of the solution
decreases during penetration into wood.
Possible complexation reactions between the monovalent Cu−Mea complex and
Figure B.1: (a) Divalent ([CuMea2]
2+), (b) monovalent ([CuMea2-H]
+), and (c) neutral
CuMea complexes ([CuMea2-2H]
0) (Zhang and Kamdem, 2000)
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Figure B.2: Interaction of monovalent CuMea complexes with carboxyl and phenyl
groups of wood (Lee, 2011)
the active sites from wood are shown in Figure S2. One Mea−ligand is exchanged,
and one molecule of Mea is eliminated (Klemm et al., 1998; Lee, 2011). Stable
complexes are formed by interaction of [CuMea-H]
+ with acidic groups (carboxyl
and phenyl). Two coordination sites of the copper atom are occupied by the de-
protonated O atoms of an acidic group of wood components, and the other two
coordination sites bind one Mea molecule.
2 Analytical methods
Table B.2: Substances identified by GC−MS analysis of lyophilised samples from
untreated and treated wood. The substances were identified by library search with
the NIST 02 library. The Table includes only substances that were identified with
compliance value higher than 80%.
Treated wood Untreated wood
pH of elute pH of eluate
Chemical substance native basic acid native basic
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Octanoic Acid
124-07-2
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Nonanoic acid
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The quantification limits and uncertainty of measurement for all analytical
methods used to quantify the concerned compounds in eluates from treated and
untreated wood samples are presented in Table B.1.
Table S3 presents the results of GC-MS compound identification, carried out
on the lyophilised eluates. The full name, the CAS number and the corresponding
eluates are shown. The last column contains remarks concerning the structure and
the active sites representative for each identified species. Information obtained by
GC-MS analysis of acetone extracts of lyophilised eluates is restricted to substances
that are eluted during the ANC test, resist the lyophilisation procedure and can be
extracted by acetone. In addition, the substances have to be volatile, ionisable in
the mass spectrometer and split into ionic fragments that can be detected by the
mass spectrometer. The identification of substances from the fragment patterns
depends on the substances and mass spectra that are included in the used library.
Plausibility of the structures proposed by library research was controlled, but the
identity was not verified by analysis of corresponding standards.
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Table B.1: Limit of quantification and uncertainty of measurement for the analytical
methods used.
Substance Analytical method Unit Limit of Uncertainty of
quantification measurement




















Acetic acid mg/L 1.0
Tebuconazole mg/L 0.1
Tebuconazole GC-MS mg/L 1.0
C Macro-elementary µg 42
N analysis µg 10
Table B.3: Characteristic position of absorption bands of selected bonds in infrared
spectra according to Gottwald and Wachter (1999).
FTIR – bands position (cm−1) Corresponding functional groups and bonds
3400− 3000 OH stretching
2935− 2840 C−H stretching in CH2, CH3
1730− 1680 C−0
1600− 1560 −COO (carboxylate)
1516 O−H (polysaccharides)
1460 R−NH2, R−NH−R (amines)
1360 tertiary aromatic amines
1350− 1250 secundary aromatic amines
1070 R−NH2, R−NH−R (amines)
1030 O−H (polysaccharides)
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3 TOC release by untreated and treated samples
The concentrations of TOC in eluates obtained from both “fresh” and “condi-
tioned” samples were compared. The total amount of carbon added to wood with
the treatment solution was calculated (first column in Table B.4). TOC concentra-
tions from ANC tests (at native pH) on treated samples have been selected and
compared to theoretical amounts obtained by summing up TOC concentration from
untreated samples with carbon concentration in treatment solution. TOC is released
in almost 2 times higher concentrations from treated wood during ANC tests, than
expected. This shows that the presence of preservatives in wood forces emissions
from the wood structure.
Table B.4: Carbon emissions during leaching
TOC
C in CBA solution UA* UF* BA* BF*
mg/L mg/L mg/L mg/L mg/L
740.2** 558.6 676.5 2338.0 1671.0
Theoretical leached C from treated samples 1298.8 1416.7
* At native pH.
** Expected concentration if all carbon containing preservatives leached
during the ANC test.
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Numerical model – leaching from
CBA-amine treated wood
1 Experimental platform
Figure C.1 presents an overview of the analytical methods performed on eluates
from ANC and DSLT tests. ANC eluates were divided into two parts: (i) eluates
analysed in liquid state and (ii) eluates lyophilised and then used for the identifica-
tion and quantification of several organic compounds. DSLT eluates were analysed
only in liquid state, being too diluted for lyophilisation.
Analysis of liquid eluates. Eluate samples were directly used to determine
TOC (total organic carbon), formic, acetic and maleic acid by UHPLC (Ultra High






4 ) by IC (Ion Chromatography) and cations (Cu, K, Ca, B) by ICP-
OES (Optical Emission Spectrometry). Total concentration of carboxyl groups was
estimated by titration with a 0.1MNaOH solution in presence of phenolphthalein.
Since concentrations of inorganic acids were neglectable compared to the total
amount of acid groups, the acid groups determined with this test were considered
as carboxyl groups. A photometric method was used to quantify the total content
of phenols, namely the modified Prussian Blue Assay for Total Phenols (Hagerman,
2002).
Analyse of lyophilised eluates. After filtration, ANC eluates with alkaline pH
were first neutralised with a 0.1M HCl solution. Then the acid, neutral and neu-
tralised (former alkaline) samples were lyophilised to remove water in order to
be able to identify functional organic groups (−COOH, −OH, R−N, −NO, etc.) in
the solid samples by FTIR (Fourier Transformed InfraRed spectroscopy). Parts of
the lyophilised samples were extracted by acetone and analysed by GC-MS (Gas
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Figure C.1: Analysis of eluates from ANC and DSLT tests and target parameters.
Chromatography coupled with Mass Spectrometry) and TLC (Thin Layer Chro-
matography). An elemental analysis for carbon and nitrogen was also performed
using a Macro-Elementary Analyser.
2 Experimental results
ANC test delivered two types of results, as presented in reference (Lupsea et al.,
2013a) (i) pH of the system in function of H+ moles added per L solution, and (ii)
variation with pH of the concentration of target substances in eluates. The native
pH of CBA treated wood in contact with demineralised water was 7.46 (Figure 3.6).
Cu concentrations varied up to one order of magnitude over the pH range, with
a minimum at native pH. B exhibited a pH independent behaviour while tebucona-
zole concentrations in eluates increased with pH. Up to 30% of the initial content of
Cu (maximum at pH 5.6) and B, and up to 17% (maximum at pH 9.5) of the initial
content of tebuconazole were eluted under the ANC test conditions, proving that
their binding on wood structure is relatively important. Other inorganic species
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found in eluates are K and Ca, very probably as endogenous species in wood. K
concentration was almost constant with pH, while Ca was present in part of eluates.
Cl–, SO2–4 and PO
3–
4 were also present in low and dispersed concentrations (not
shown here).
The concentration of carboxylic acids, phenols and TOC increased with pH. The
release of acetic acid increased with pH while the concentrations of formic acid in
eluates were only slightly higher under alkaline conditions.
3 Model sensitivity analysis
The final form of the chemical model was defined after the sensitivity analysis
of different possible reactions and their equilibrium constants. The final form
of the model contains literature confirmed reactions and constants. For several
reactions considered by literature as important or major mechanisms, but for which
no constants exist, an adjustment was performed based on the experimental data
concentration-vs-pH, for the target species.
3.1 Flavonoids – copper complexes
Supplementary reactions were tested for representing copper – extractives pos-
sible interactions. Flavonoids are a class of plant secondary metabolites.
Interactions of Cu with several polyflavonoids (containing phenol groups) were
described by (Thomason and Pasek, 1997; Teixeira et al., 2005). Studying the reac-
tions of taxifolin and chrysin with the Cu−MeaH complex, (Jiang, 2000) found in
both cases a green extensive precipitation. FTIR, XPS (X-ray Photoelectron Spec-
troscopy) and ESR (Electron Spin Resonance) suggested that phenol and ketone
groups of the extractives are the major sites for Cu chelation – onemole of Cu is coor-
dinated to two moles of amine in the Cu−MeaH−taxifolin or Cu−MeaH−chrysin
complexes. Under severe alkaline conditions the phenol groups are deprotonated
and the Cu−MeaHmonovalent complex is easily chelated to phenol groups and the
adjacent ketone groups. Due to lack of information (exact structure of compounds,
formation/stability constants), we considered all polyflavonoids as one component,
which we called “Flavonoids” and thus two reactions corresponding to the com-
plexation of Cu, respectively Cu−MeaH with polyflavonoids. These compounds
are in solid state, hence in the model they were considered as surface complexes
bound to an organic solid matrix named “Flavonoids ”.
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Table C.1: Reactions and parameters for Cu−flavonoids interactions
Reaction logK Reference
Flavonoids phO– +H+ = Flavonoids phOH 6.68 (Teixeira et al., 2005)
Cu2+ + Flavonoids phO– = Flavonoids phOCu+ 5 deduced from
(Teixeira et al., 2005)
(CuMeaH(Mea))+ + Flavonoids phO– 5 this study
= Flavonoids phO(CuMeaH(Mea))
Surface parameters
Site density phenol (flavonoids) 0.001mol/kg wood this study
The flavonoid’s acidity constants and stability constant of the Cu−Flavonoids
complex were deduced from those of chrysin (Teixeira et al., 2005). The reaction of
Cu with polyflavonoids involvingMeaH has not been studied before, so its constant
has been set to the same value as for Cu−Flavonoids reaction.
The specialised literature in the field of treated wood doesn’t mention this
kind of mechanism as crucial for copper binding, probably because of the small
quantity of free flavonoids in woodwhen compared to lignin and hemicellulose. For
example, (Nuopponen et al., 2004) reported that flavonoids extracted from a Pinus
sylvestris account for about 0.01% of wood mass. Using this order of magnitude
in the model, it was found that flavonoids represent no more than 1% of the total
binding sites density (estimated at 0.11mol/kg wood).
Simulations performed by including these reactions into the chemical model
shown that the discussed mechanism is not influent and can be neglected at least
for the operation conditions of the laboratory leaching assays.
3.2 Copper-monoethanolamine-wood complexes
Direct complexation of Cu with phenolic and carboxylic sites of wood was
studied so far and complexation constants exist in the literature. Amine-CBA
treatment introduces in wood monoethanolamine (MeaH). Literature mentions the
possibility of Cu to be linked in mixed complexes like wood−Cu−MeaH, but no
reaction constants are known. The developed model contains both mechanisms
and allows identifying the most probable. A sensitivity study realised by removing
from the model the direct wood−Cu mechanism shows that Cu amount fixed
via MeaH (wood−Cu−MeaH) strongly rises with pH and aqueous Cu diminishes
correspondingly (Figure C.2). The shape of copper concentration-vs-pH didn’t
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Figure C.2: Cu release in ANC simulation: (left) only wood−Cu−MeaH complexa-
tion modelled; (right) only wood−Cu mechanisms modelled.
fit the experimental data for any values assigned to the respective equilibrium
constants. Contrarily, simulation considering only the direct complexation of Cu on
active sites of wood (wood−Cu) showed a very good fit to the experimental data.
It can be concluded that, if it exists, the mixed complex must be less stable than
the simple wood−Cu complex which dominates at least in the used experimental
leaching conditions.
3.3 Influence of the wood samples’ homogeneity on the modelling
results
Information about the biocides distribution in wood blocks having undergone
a vacuum pressure treatment is very scarce. (Schoknecht et al., 2005) presented a
set of data obtained on similar samples (following EN 113 treatment standard) as
those used in our study. In this reference, Cu concentration varies slightly from the
surface to the material core, while tebuconazole variation seems more pronounced.
More important, this variation occurs on the first millimetre of the specimen surface
and seems to stabilize in the deeper wood layers.
The leaching process affects not only the specimen surface but also its core. The
effect of the surface accumulation of biocides on their release can be visible mainly
at the beginning of the leaching test (the first leachate). The treatment by vacuum
pressure impregnation (treatment solution with all its constituents is forced to pene-
trate) and long-time conditioning of small wood pieces of 15mm× 25mm× 50mm
(internal diffusion reduces the concentration gradients) leads to the hypothesis
that the preservatives are homogenously distributed in the samples (hypothesis
discussed further). However, we realised a sensitivity study on the homogeneity of
biocide initial distribution in wood blocks.
Results from simulations performed with a nonhomogeneous distribution of
biocides in wood samples are presented in Figure C.3. A similar distribution was
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Figure C.3: Simulation of biocide release in DSLT test with the hypothesis of non-
homogeneous initial distribution of biocides in wood specimens.
Figure C.4: Simulation of biocide release in DSLT test with a water content of 30%
(volume of absorbed water/volume of wood specimen).
considered as in (Schoknecht et al., 2005) for fixed Cu and tebuconazole. In this
reference, in the superficial 1mm layer of treated sample, Cu concentration is 20%
higher and tebuconazole is four times higher than their respective concentrations in
the core of wood sample. In simulations, B was additionally included with similar
inhomogeneous distribution as tebuconazole.
One observes that the diffusional regime of Cu and B (experimental data for
the first 10 days) is perturbed by the surface heterogeneity (the 0.5 slope is no
longer valid). Tebuconazole release simulated in case of the initial heterogeneous
distribution is far from the observed experimental release (and worse than the
original modelled release). These observations have led to the hypothesis that wood
treated samples used in DSLT leaching test were rather homogenous.
3.4 Influence of the water content in wood samples
During DSLT experiments, the wood samples have been weighted after each
leachant renewal in order to evaluate the water quantity absorbed by wood. It was
observed that the water quantity increased in time from 20% to 40% expressed in
volume of water absorbed/volume of wood specimen.
The simulations presented in the main paper document have been realised
considering the final water content in wood specimens. In order to evaluate the
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influence of water content, simulations have been performed also for lower water
content. The modelling hypothesis was that the pores are partially filled with water,
and then the initial concentration of different existent species in porewater was
recalculated accordingly. The simulation results are presented in Figure C.4. When
compared to Figure 3.7, only small differences are observed for biocides behaviour.





The inventory data found in the EPD file for fibre-cement sheets is presented
below, along with the contributions to the environmental impact associated to all
considered indicators – data taken from (Eternit, 2003).
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2.2.4 Emissions dans l'eau liées aux étapes de mise en œuvre et de vie en œuvre (données
utiles à la maîtrise des risques sanitaires) (XP P 01 010-1 § 5.3.4)
Flux Unités Mise Vie Observations
en œuvre en œuvre et commentaires
DCO (Demande Chimique en Oxygène) g 0,63 0 
DBO5 (Demande Biochimique en Oxygène) g 0,0029 0
Matière en Suspension (MES) g 0,11 0
Sulfate (SO4--) g 0,14 0
Cyanure (CN-) g 0,00022 0
AOX (Halogènes des composés organiques adsorbables) g 0 0
Hydrocarbures (non spécifiés) g 0,0048 0
Composés azotés (en N) g 0,027 0
Composés phosphorés (en P) g 0 0
Composés fluorés organiques (en F) g 0,0035 0
Composés fluorés inorganiques (en F) g 0 0
Composés fluorés non spécifiés (en F) g 0 0
Composés chlorés organiques (en Cl) g 0 0
Composés chlorés inorganiques (en Cl) g 0,63 0
Composés chlorés non spécifiés (en Cl) g 0 0
HAP (non spécifiés) g 0 0
Métaux (non spécifiés) g 0,00020 0
Aluminium et ses composés (en Al) g 0,00014 0
Arsenic et ses composés (en As) g 0 0
Cadmium et ses composés (en Cd) g 0 0
Chrome et ses composés (en Cr) g 0,00050 0
Cuivre et ses composés (en Cu) g 0 0
Etain et ses composés (en Sn) g 0 0
Fer et ses composés (en Fe) g 0,0050 0
Mercure et ses composés (en Hg) g 0 0
Nickel et ses composés (en Ni) g 0,00058 0
Plomb et ses composés g 0,00047 0
Zinc et ses composés (en Zn) g 0,0012 0
Eau rejetée Litre 2,1 0
Composés organiques dissous non spécifiés g 0,00017 0
Composés inorganiques non spécifiés g 0,0019 0
Métaux alcalins (Na+, K+) g 0,41 0
Les émissions décrites 
ci-dessus ne participent pas
aux risques sanitaires 
des opérateurs.
Elles sont dues 
à la fabrication 
des fixations décrites en 1.2 
indispensables à la pose 
du produit 
et de l’énergie 
nécessaire au perçage 
des plaques ondulées 
et des pannes.
232
APPENDIX D. FDES FIBRE-CEMENT SHEETS
2.2.5 Emissions dans le sol hors étape mise en œuvre et vie en œuvre (XP P 01 010-1 § 5.3.5)
Total cycle
Mise Vie Fin de vieFlux Unités Production Transport
en œuvre en œuvre de vie Par Pour toute
annuité la DVT
Arsenic et ses composés g 0 0 0 0 0 0 0
(en As)
Biocidesa g 0 0 0 0 0 0 0 
Cadmium et ses composés g 0 0 0 0 0 0 0 
(en Cd) 
Chrome et ses composés g 0 0 0 0 0 0 0,00090
(en Cr)
Cuivre et ses composés(en Cu) g 0 0 0 0 0 0 0 
Etain et ses composés (en Sn) g 0 0 0 0 0 0 0 
Fer et ses composés (en Fe) g 0,0071 0 0 0 0 0,0072 0,36
Plomb et ses composés (en Pb) g 0 0 0 0 0 0 0 
Mercure et ses composés g 0 0 0 0 0 0 0
(en Hg) 
Nickel et ses composés (en Ni) g 0 0 0 0 0 0 0 
Zinc et ses composés (en Zn) g 0 0 0 0 0 0 0,0027
Métaux lourds (non spécifiés) g 0 0 0 0 0 0 0 
aBiocides : par exemple, pesticides, herbicides, fongicides, insecticides, bactéricides, etc..
Commentaires sur les émissions dans le sol hors étapes de mise en œuvre et  de vie en œuvre
Les émissions dans le sol mentionnées ci-dessus ne sont pas directement imputables au cycle de vie du produit. Elles sont dues
à des étapes amonts telles que la production d’énergie.
2.2.6 Emissions dans le sol liées aux étapes de mise en œuvre et vie en œuvre 
(données utiles à la maîtrise des risques sanitaires) (XP P 01 010-1 § 5.3.6)
Flux Unités Mise Vie Observations
en œuvre en œuvre et commentaires
Arsenic et ses composés (en As) g 0 0
Biocidesa g 0 0
Cadmium et ses composés (en Cd) g 0 0 
Chrome et ses composés (en Cr) g 0 0 
Cuivre et ses composés(en Cu) g 0 0 
Etain et ses composés (en Sn) g 0 0
Fer et ses composés (en Fe) g 0 0 
Plomb et ses composés (en Pb) g 0 0
Mercure et ses composés (en Hg) g 0 0
Nickel et ses composés (en Ni) g 0 0
Zinc et ses composés (en Zn) g 0 0
Métaux lourds (non spécifiés) g 0 0 
aBiocides : par exemples, pesticides, herbicides, fongicides, insecticides, bactéricides, etc..
Les étapes 
de mises en œuvre 
et de vie en œuvre
n’engendrent pas 
d’émission dans le sol.
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3/Contribution du produit aux impacts
environnementaux selon XP P01 010 - 2 § 4.1 et 4.2
Tous ces impacts sont renseignés ou calculés conformément aux indications des paragraphes 4.1 et 4.2 de la norme XP P01 010-2,
à partir des données du chapitre 2 de la présente fiche.
Impact environnemental Valeur - Unité
Consommation de ressources énergétiques
Energie primaire totale 311 MJ/UF
Energie renouvelable 38 MJ/UF
Energie non renouvelable 273 MJ/UF
Consommation de ressources non énergétiques 36 kg/UF




Déchets dangereux 0,030 kg/UF
Déchets non dangereux 0,16 kg/UF
Déchets inertes 37 kg/UF
Déchets radioactifs 0,0025 kg/UF
Changement climatique 25 kg équivalent CO2/UF
Acidification atmosphérique 0,108 kg équivalent SO2/UF
Pollution de l’air 1358 m3/UF
Pollution de l’eau 1264 m3/UF
Pollution des sols Il n’y a pas d’émissions dans le sol.
Destruction de la couche d’ozone stratosphérique 0 kg équivalent CFC 11 / UF(2)
Formation d’ozone photochimique 10,6 g équivalent éthylène/UF
Modification de la biodiversité Les carrières utilisées pour la production de ciment sont réaménagées 
de façon à limiter les impacts sur la biodiversité.




The inventory data found in the EPD file for a CBA treated wood product
is presented below, along with the contributions to the environmental impact
associated to all considered indicators – data taken from (FCBA, 2011).
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2.2.2 Emissions dans l’eau (NF P 01-010 § 5.2.2) 






Fin de vie Total cycle de vie 




Chimique en Oxygène) 
g 0,256 0,000641 0 0 0,0163 0,273 13,6
DBO5 (Demande 
Biochimique en 
Oxygène à 5 jours) 
g 0,141 1,94 E-05 0 0 0,00296 0,144 7,21
Matière en Suspension 
(MES) 
g 0,0558 0,000111 0 0 0,00139 0,0573 2,87
Cyanure (CN-) g 0,000133 9,42 E-07 0 0 4,02 E-07 0,000134 0,00670
AOX (Halogènes des 
composés organiques 
adsorbables) 
g 3,43 E-06 9,06 E-07 0 0 2,62 E-07 4,60 E-06 0,000230
Hydrocarbures (non 
spécifiés) 
g 0,0212 0,00329 0 0 0,00121 0,0257 1,29
Composés azotés (en N) g 0,0106 0,000534 0 0 0,00564 0,0168 0,839
Composés phosphorés 
(en P) 
g 0,00465 1,79 E-06 0 0 8,27 E-05 0,00473 0,236
Composés fluorés 
organiques (en F) 
g 0 0 0 0 0 0 0
Composés fluorés 
inorganiques (en F) 
g 0,00136 4,55 E-06 0 0 1,65 E-06 0,00137 0,0683
Composés fluorés non 
spécifiés (en F) 
g 0 0 0 0 0 0 0
Composés chlorés 
organiques (en Cl) 
g 3,54 E-06 1,06 E-08 0 0 1,28 E-06 4,83 E-06 0,000242
Composés chlorés 
inorganiques (en Cl) 
g 0,962 0,221 0 0 0,120 1,30 65,1
Composés chlorés non 
spécifiés (en Cl) 
g 0,000201 4,06 E-06 0 0 2,68 E-06 0,000207 0,0104
HAP (non spécifiés) g 1,50 E-05 5,55 E-06 0 0 1,51 E-06 2,20 E-05 0,00110
Métaux (non spécifiés) g 0,0212 0,00369 0 0 0,00107 0,0260 1,30
Aluminium et ses 
composés (en Al) 
g 0,0303 2,15 E-06 0 0 6,36 E-05 0,0304 1,52
Arsenic et ses composés 
(en As) 
g 4,42 E-05 1,80 E-07 0 0 5,84 E-07 4,49 E-05 0,00225
Cadmium et ses 
composés (en Cd) 
g 5,60 E-06 3,00 E-07 0 0 2,52 E-07 6,15 E-06 0,000308
Chrome et ses composés 
(en Cr) 
g 0,00125 1,05 E-06 0 0 3,65 E-06 0,00126 0,0630
Cuivre et ses composés 
(en Cu) 
g 0,00436 6,08 E-07 0 0,0809 4,54 E-07 0,0853 4,26
Etain et ses composés 
(en Sn) 
g 8,05 E-06 6,74 E-12 0 0 1,28 E-10 8,05 E-06 0,000402
Fer et ses composés (en 
Fe) 
g 0,0709 5,30 E-05 0 0 0,000232 0,0711 3,56
Mercure et ses 
composés (en Hg) 
g 1,93 E-06 1,79 E-09 0 0 1,51 E-08 1,95 E-06 9,74 E-05
Nickel et ses composés 
(en Ni) 
g 0,0189 1,04 E-06 0 0 5,86 E-07 0,0189 0,944
Plomb et ses composés 
(en Pb) 
g 6,71 E-05 2,08 E-07 0 0 2,08 E-06 6,94 E-05 0,00347
Zinc et ses composés 
(en Zn) 
g 0,000261 1,81 E-06 0 0 1,28 E-05 0,000275 0,0138
Eau rejetée Litre 0,0261 0,000764 0 0 0,0473 0,0742 3,71
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Commentaires sur les émissions dans l’eau :
Les émissions decuivre liées au délavage du bois sont comptabilisées dans les émissions dans l’eau. Etant donné qu’il 
n’existe pas de rubrique pour les émissions dans l’eau liées aux autres biocide dans le format NF P01-010, ces émissions 
ont été comptabilisées dans les émissions dans le sol. 
2.2.3 Emissions dans le sol (NF P 01-010 § 5.2.3) 
Un guide de lecture des tableaux est disponible page 4. 





Fin de vie Total cycle de vie 
Flux Par annuité 
Pour toute 
la DVT 
Arsenic et ses composés 
(en As) 
g 7,90 E-08 7,20 E-10 0 0 4,74 E-10 8,02 E-08 4,01 E-06
Biocidesa g 0,000562 6,96 E-06 0 0,0237 2,57 E-06 0,0242 1,21
Cadmium et ses 
composés (en Cd) 
g 1,26 E-08 3,26 E-13 0 0 2,14 E-13 1,26 E-08 6,31 E-07
Chrome et ses composés 
(en Cr) 
g 3,71 E-06 9,02 E-09 0 0 5,94 E-09 3,72 E-06 0,000186
Cuivre et ses 
composés(en Cu) 
g 9,78 E-07 1,66 E-12 0 0 1,09 E-12 9,78 E-07 4,89 E-05
Etain et ses composés 
(en Sn) 
g 2,25 E-09 0 0 0 0 2,25 E-09 1,13 E-07
Fer et ses composés (en 
Fe) 
g 0,00127 3,60 E-06 0 0 2,37 E-06 0,00128 0,0638
Plomb et ses composés 
(en Pb) 
g 1,14 E-07 7,56 E-12 0 0 4,98 E-12 1,14 E-07 5,69 E-06
Mercure et ses composés 
(en Hg) 
g 2,79 E-10 6,00 E-14 0 0 3,96 E-14 2,79 E-10 1,39 E-08
Nickel et ses composés 
(en Ni) 
g 9,60 E-08 2,48 E-12 0 0 1,64 E-12 9,60 E-08 4,80 E-06
Zinc et ses composés (en 
Zn) 
g 5,86 E-06 2,70 E-08 0 0 1,78 E-08 5,90 E-06 0,000295
Métaux lourds (non 
spécifiés) 
g 6,86 E-05 7,20 E-08 0 0 5,32 E-05 0,000122 0,00610
Etc. g 
a Biocides : par exemple, pesticides, herbicides, fongicides, insecticides, bactéricides, etc. 
Commentaires sur les émissions dans le sol :
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3 Impacts environnementaux représentatifs des produits de 
construction selon NF P 01-010 § 6 
Tous ces impacts sont renseignés ou calculés conformément aux indications du § 6.1 de la norme NF 
P01-010, à partir des données du § 2 et pour l’unité fonctionnelle de référence par annuité définie au § 
1.1 et 1.2 de la présente déclaration, ainsi que pour l’unité fonctionnelle rapportée à toute la DVT 
(Durée de Vie Typique). 
N° Impact environnemental 
Valeur de l’indicateur 
pour l’unité fonctionnelle 
Valeur de l’indicateur 
pour toute la DVT 
1 Consommation de ressources énergétiques
Energie primaire totale* 10,9 MJ/UF 544 MJ 
Energie renouvelable** 8,05 MJ/UF 403 MJ 
Energie non renouvelable 2,83 MJ/UF 142 MJ 
2 Epuisement de ressources (ADP) 0,000885 





3 Consommation d’eau totale 1,07 litre/UF 53,3 litre 
4 Déchets solides 
Déchets valorisés (total) 0,996 kg/UF 49,8 kg 
Déchets éliminés 
Déchets dangereux 0,000494 kg/UF 0,0247 kg 
Déchets non dangereux 0,434 kg/UF 21,7 kg 
Déchets inertes 0,00907 kg/UF 0,454 kg 
Déchets radioactifs 2,55 E-05 kg/UF 0,00128 kg 
5 Changement climatique -0,375 kg éq. CO2/UF -18,8 
kg équivalent 
CO2
6 Acidification atmosphérique 0,00102 kg éq. SO2/UF 0,0509 
kg équivalent 
SO2
7 Pollution de l’air 26,7 m3/UF 1 336 m3
8 Pollution de l’eau 0,770 m3/UF 38,5 m3
9 
Destruction de la couche d’ozone 
stratosphérique 
3,47 E-11 kg CFC éq. R11/UF 1,73 E-09 
kg CFC 
équivalent R11 
10 Formation d’ozone photochimique 0,000139 kg éq. éthylène/UF 0,00695 
kg équivalent 
éthylène 
* Cet indicateur énergétique doit être utilisé avec précaution car il additionne des énergies d'origine différente 
qui n'ont pas les mêmes impacts environnementaux (voir commentaire du chapitre 2.1.1) 
**dont 88% correspondent au contenu énergétique du platelage et des lambourdes et 12% pour l’énergie 
contenue dans les déchets de bois valorisés en interne de façon énergétique 
Epuisement des ressources :
Il faut noter que cet indicateur concerne uniquement les ressources abiotiques et donc n’évalue pas 
l’épuisement des ressources biotiques telles que le bois. 
En ce qui concerne la ressource bois, les bois utilisés ici proviennent de France où la forêt est 




APPENDIX E. FDES TREATED WOOD
239
